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SUMMARY 
Gas exchange, labelling and defoliation 
experiments were conducted on glasshouse grown cotton plants. The 
aims were to measure carbon fixation and consumption by leaves and 
fruit of different ages and positions on plants under a range of 
conditions. Distribution of this carbon from leaves to fruit and 
roots was also measured. The results provide insight into the 
allocation of assimilates in response to certain factors, as well as 
the survival and growth of individual cotton fruit. 
1. The peak rate of light saturated net photosynthesis 
(F ) of cotton leaves occurred J·ust before the leaf reached 
max 
maximum size. This rate was only maintained for about 12 days 
before declining at 1.8% per day for the next 40 days. The pattern 
of transpiration with leaf .age was similar, but leaf dark 
respiration was greatest only 4-5 days after leaf unfolding, when 
leaf expansion was most rapid. A carbon budget for cotton leaves 
showed that a leaf became a net carbon exporter at about 7 days 
after unfolding. Peak export of about 1 mg carbon cm - 2 d-l was 
at age 24 days. Similar gas exchange patterns were demonstrated for 
two sunflower hybrids. In both sp~cies there was no apparent effect 
of proximity (in time or space) to reproductive sinks on the pattern 
of F with leaf age. Differences in F between cultivars 
max max 
within a species were small. 
2. The peak rate of dark respiration on a dry weight basis 
of floral parts was for small flower buds and for flowers. A carbon 
budget showed that bract photosynthesis can produce up to 50% of the 
daily growth and respiration requirements of flower buds. The boll 
wall and bracts could only produce about 8% of boll requirements. 
3. The carbon fixation by cotton leaves and the carbon 
requirement by adjacent fruit were shown to be out of phase, 
particularly for lower node positions. This conclusion has 
important implications to the magnitude and extent of movement of 
(vi) 
assimilates within the plant and for the interpretation of 14co 2 
la belling experiments. The shedding of young bolls during periods 
of reduced assimilate supply could be easily attributed to a lack of 
carbon. The shedding of young flower buds during the same 
conditions is more complicated, since there is usually sufficient 
carbon to satisfy their small absolute requirements. 
4. The label fed to a young leaf was found in 
that leaf or in adjacent stem and branch segments. The proportion 
of a mainstem leaf's export found in adjacent fruit increased as a 
leaf aged, to a maximum of nearly 80%. The distribution of label 
from a leaf was strongly affected by phyllotaxis, with fruit in 
vertical alignment obtaining 3 to 6 times more label than fruit on 
the other side of the mainstem. There was a logarithmic decline 
with distance (measured in number of nodes) in distribution .of label 
from a leaf, so lower mainstem leaves exported a greater proportion 
of their label to roots than upper leaves. The relative 
distribution of label to roots increased during periods of water 
stress and low nitrogen. The distribution of label among fruit was 
consistent with the response pattern of distribution to roots: 
lower bolls had an increased share of the label during slowly 
imposed water stress. Similar but less extensive studies with 15N 
showed less conclusive distribution patterns of a soil-applied label. 
5. Shading whole plants with 64% shadecloth induced 
shedding of young flower buds from the lower nodes from 6 to 10 days 
after treatment. Removing individual leaves or shading them with 
foil or shadecloth, only affected adjacent fruit growth when imposed 
on leaves with young flower buds nearby. Treatment at this time 
also markedly reduced growth of the mainstem segment and fruiting 
branch at this node. Treatment of leaves with older fruit nearby 
had no significant effect on these fruit. Ringing half of the 
phloem area of a penduncle also only had effects on very young 
flower buds. The combination of leaf removal with peduncle ringing 
had a greater effect than the sum of these treatments imposed 
singularly. It was concluded that the phloem connections between a 
(vii) 
young flower bud and its local source of assimilates are inadequate 
to maintain normal transfer during conditions that decrease the 
assimilate supply. This may explain the loss of young flower buds 
when there are still sufficient assimilates elsewhere on the plant 
for their current growth. 
6. The leaf photosynthesis, respiration, growth and carbon 
distribution data were combined into a static simulation model of 
canopy growth. This simulation was found to accurately mimic the 
magnitude and pattern of tops and root growth of glasshouse cotton 
plants. Sensitivity analyses of this simulation indicated that the 
light, available soil water and temperature responses were 
consistent with published measured responses of cotton canopies. 
The same simulation was found to overestimate the growth of field 
canopies. Possible reasons for this overestimation are proposed. 
The results of the same simulation approach in sunflower are 
presented to demonstrate the wider applicability of this simulation 
approach to other dicotyledonous plants. 
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SECTON 1. GENERAL INTRODUCTION 
Plants grow by fixing atmospheric CO 2 by photosynthesis. 
It is this process that provides food for man either directly from 
plants or indirectly from plant-eating animals. This process also 
provides clothing, although synthetic materials are important. Due 
partly to costly fuel considerations with synthetic fibres, cot ton 
currently has a strong share of total fibre useage. 
A cotton crop produces up to 1000 g of dry matter per m2 
of land in a season, of which about 10% is lint in the bolls and 
another 20% is seed used for vegetable oil and livestock meal. 
Therefore most of the photosynthetic co2 fixation during plant 
growth is utilised in the construction and maintenance of plant 
parts to carry the lint and seed. The first fruit are produced at 
the bottom of the plant and successive fruit are produced upwards 
(as new fruiting branches at each mainstem node) and outwards (along 
each fruiting branch). This indeterminate growth habit is an 
important feature of cotton, particularly for interpreting and 
understanding crop responses. Cotton plants produce more fruiting 
sites than can be supported as growing bolls and shedding of fruit 
is the norm. A plant growing normally will produce as many bolls as 
can be supported by available assimilate and then young bolls and 
flower buds (squares) at the top of the plant will be shed (Hearn 
1972). Adverse conditions such as moisture stress, low light and 
poor nutrition will result in fruit shedding, but factors such as 
luxurious irrigation and fertility can also induce early fruit loss 
(known as 'non-stress' shedding (Hearn 1976)). Insect damage to a 
fruit also invariably causes its shedding. A consequence of such 
shedding is that further new bolls may be produced on the plant 
resulting in delayed maturity. Both the timing and pattern of boll 
set can therefore be affected by shedding. 
It is the purpose of this project to study the rate of 
photosynthesis by cotton leaves and the distribution of this 
assimilate between different plant parts. The justification for 
studying photosynthesis of cotton leaves is that they provide the 
carbon that is essential for the survival and growth of the economic 
2 
parts (bolls). The rate of photosynthesis per unit leaf area alone 
does not describe the carbon supply; the size of the leaf is also 
an important component of this supply. Once produced by a leaf, the 
carbon can have many destinations: a cotton plant can have many 
fruit, as well as roots and stems to maintain and grow. The 
destination of the carbon will decide which fruit survive and grow 
as well as providing roots and other vegetative parts with growth 
and maintenance requirements. 
1. Integration of physiological data 
Many research groups have studied gas exchange in leaves, 
while others have studied the distribution of dry matter or 
assimilates in plants, however far fewer groups have related the 
distribution of assimilates to their supply. These data can be used 
both for understanding processes and for predicting plant 
performance but the work to be reported here is intended to provide 
descriptive results, with the long-term aim of predicting crop 
performance. Passioura (1979) highlighted the polarisation of 
research between the whole plant level and the molecular level and 
proposed that research should be conducted at all levels. 
Unfortunately physiological data at the organ/whole plant level can 
be far removed from canopy performance. For example in a study of 
leaf water relations and leaf photosynthesis of soybean field crops, 
the data exaggerated the effect of irrigation on yield (Turner et 
al. 1978; Rawson et al. 1978). There were many reasons for this 
lack of prediction, and among these are: 
(a) Physiological data are mostly taken on clear days, yet 
cloudy weather means stressed plants are not exposed to 
high evaporative demand. Furthermore, as shown by Rawson 
et al. (1978), the level of photosynthesis during the day 
changes for different degrees of water stress: even 
stressed plants have respectable rates of photosynthesis 
during the morning, yet suffer a mid-day and afternoon 
decline. The ref ore, measuring plant response at one time 
can be misleading in terms of daily performance. 
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(b) Water stress can affect the distribution and redistribution 
of material within a plant. In the soybean field study 
referred to earlier, the distribution of dry weight between 
plant parts was not affected by water stress, but stress 
led to an apparently greater redistribution of material 
from stems to grain (Constable and Hearn 1978, 1980). 
Similar responses have been reported for maize (McPherson 
and Boyer 1977) and rice (Kobata and Takami 1979). Johnson 
and Moss (1976) found that the distribution of 14co 2 to 
wheat grain, after labelling leaves, was increased by water 
stress. Therefore the integration of physiological data to 
describe and effectively predict changes in yield is 
difficult due to the confounding of many dynamic factors. 
This is not to say that gathering physiological data is 
unproductive. It has been possible to derive satisfactory 
relationships between this physiological data and yield. By using 
multiple regression analysis, Hearn and Constable (1981) accounted 
for the effects that "stress days" (days that leaf water status data 
indicated leaves were stressed) had on yield. A stress day during 
vegetative growth had a smaller effect on yield than during 
re productive growth. It was also found that stress at different 
stages of growth had cumulative effects, i.e. stress during both 
vegetative and reproductive growth liad a greater effect than the sum 
of the effects of stress during single stages. Similar studies have 
been conducted in cotton but the physiological data and stress day 
analyses are still unpublished (N.c. Turner and A.B. Hearn pers. 
comm.). 
Simulation models are a popular -method of integrating 
physiological simpler levels (e.g. plant 
g 
response at orans or 
/\ 
processes such as photosynthesis) to the complex whole plant or 
canopy level. This role of models has been outlined and supported 
by Hesketh and Jones (1976) and Evans (1977). One economic 
justification for use of simulation models is in crop management 
with irrigation scheduling and pest management as aims (Gutierrez et 
al. 1975; Mason and Smith 1981; Cull et al. 1981). The Australian 
cot ton pest management model began with the proposal of Hearn and 
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Room (1979) to use a target threshold to schedule insecticide 
applications for Heliothis spp. If numbers of fruit are above a set 
target at a particular point during the season, no control measures 
are undertaken. However if pests cause a loss of squares and/ or 
bolls, such that the target is not (or will not be) reached, 
insecticides might be applied. Within this management system, it is 
important to be able to predict the loss of squares and bolls due to 
stress and non-stress shedding, so that the loss of these fruit will 
not be attributed to the pests, and control measures will not be 
wasted. There are many benefits of accurate (and not excessive) 
scheduling of insecticides: the grower reduces costs, the risk of 
pollution to natural predators and parasites and humans and live-
stock is minimised, and pest resistance to insecticide is not 
unnecessarily stimulated. 
One of the major deficiencies of simulation models is the 
lack of accurate prediction of assimilate distribution between 
vegetative and reproductive plant parts (Evans 1977). This 
deficiency is particularly important in an indeterminate plant such 
as cotton, where root, leaf and fruit growth can all occur on the 
plant at one time. In determinate plants leaf and stem growth have 
essentially ceased during reproductive growth. Shedding of fruit is 
a further complicating factor and it is not uncommon for only 25% of 
potential fruiting sites on a plant to have bolls (Constable 1977). 
The pattern of setting of bolls on the plant will determine the 
potential earliness of a crop - an important yield and quality 
component. Bolls set on the top of a plant are often smaller with 
inferior quality lint, so they might contribute little to yield and 
value of lint. 
There are at least two approaches to describe the 
distribution of assimilates in simulation models. One is to use 
empirically determined allocation or distribution factors to 
partition assimilates between the leaves, stems, roots and fruits 
(Iwaki 1958; Mansi and Murata 1969; Rorie and Udagawa 1971; 
Vanderlip and Arkin 1977; Charles-Edwards and Fisher 1980). The 
second approach (also empirical) is to use "species-specific 
morphogenetic models based on organogenetic nutritional budgets" 
5 
(Hesk~th and Jones 1976). With this approach in cotton, plant parts 
are initiated in response to temperature and nutrition, then grown 
at up to potential rates or are shed, depending on carbon and 
nitrogen availability (Jones et al. 1980). Thus there are still 
problems of (a) which of many fruit to shed and (b), how to allow 
for variable competition between plant parts, especially between 
roots, fruit and the growing points on the terminal and branches. 
2. Project aims 
As one aim in this project it was decided to establish in 
cotton if there were consistent patterns of distribution of 
assimilates between plant parts, particularly in view of the common 
finding that leaf photosynthates are mainly consumed by the nearest 
sinks (Brouwer and deWit 1968; Ashley 1972; Brown 197 3a and b; 
Saleem and Buxton 1976; Singh aµd Pandey 1980), and the corollary 
that roots are supplied by lower leaves (Thrower 1962; Tuichibayev 
and Kruzhilin 1965). Specifically, given the problem of lack of 
predictability of cotton yield and maturity, physiological 
measurements were made which can be used to integrate information by 
simulation methods. The experiments reported here were designed to 
examine: 
(a) The rate of production (photosynthesis) and consumption 
(growth and respiration) of carbon by single cotton leaves 
and fruit. The various plant and environmental factors 
considered were: genotype, leaf age, leaf position, fruit 
age, light, water status and nitrogen supply. 
(b) The importance of local carbon -supply in determining 
survival and growth of cotton fruits. 
examined in two ways: 
This aspect was 
(i) Labelling with to determine the pattern of 
distribution from single leaves in relation to plant 
and environmental factors. 
I I 
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(ii) Manipulative experiments where treatment such as 
shading (whole plants, individual leaves and fruit), 
leaf removal and decreasing the area of vascular 
tissue to fruit were imposed. 
The data from these experiments were drawn together in the 
form of carbon budgets and a simulation model to examine the 
significance of measured values. Therefore by calculating the 
photosynthesis and respiration for each organ on a plant it was 
possible to have the carbon consumed in the pattern measured in 
14co
2 
experiments and inferred in manipulative experiments. In 
assessing the more general application of this type of approach to 
plant carbon budgeting, photosynthesis studies were also done on 
sunflower, a species with a determinate growth habit. 
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SECTION 2. STANDARD METHODS 
1. Growing conditions and management 
,i_ 
All plants were grown in the same 18x9 m glasshouse located 
at the CSIRO Black Mountain site, Canberra. This glasshouse was 
cooled by four evaporative units and heated by eight 2kW fan 
heaters. Temperatures were set at 28/22°C day/night, with 12 h 
thermoperiod and natural daylength. The cooling and heating units 
were able to maintain these temperatures to + 2°c, except during 
extremes of summer maxima and winter minima. These fluctuations 
were usually of short duration (1-2 h) and are not considered a 
major source of variation within or between experiments. The two-
fold range in daily average total shortwave irradiance between 
experiments, as measured with an integrating pyranometer is shown in 
Table 2-1. Also shown in Table 2-1 are the container size and the 
planting date for all experiments. The 8 and 10 kg plastic pots 
were held on benches, while the 30 kg metal bins and 50 kg plastic 
bins were placed on the glasshouse floor in a square or oblong 
pattern, and to minimise position effects within the grouping, were 
re-randomised regularly. 
-2 
conditions was 5 plants m • 
The approximate spacing in these 
The first experiment used . eleven cotton (Gossypium hirsutum 
L. and G. barbadense L.) cultivars which are described separately. 
All other cotton experiments used the one batch of commercial 
Deltapine 16 (G. hirsutum L.) seed. No change in seed vigour was 
evident over the duration of the experiments. The sunflower 
(Helianthus annuus L.) experiment used commercial seed of the 
hybrids Suncross 51 and Suncross 52. 
The potting mix comprised 60% by volume of river loam, 20% 
peat moss and the remainder was equal parts perlite, vermiculite and 
river sand. Nutrient application was 2. 2 g 1-l of this mix of a 
commercial N:P:K fertiliser (15:7:5) and 0.22 g 1-l of a micro-
element mixture (Mg, Fe, Mn, Cu, Zn, Mo and B). These fertilisers 
were added to the potting mix and thoroughly incorporated before 
potting. Preliminary studies showed lime to be detrimental to plant 
growth. 
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Table 2-1. Details of experiments including treatments, 
container size and light conditions. Light (average daily 
total short wave irradiance) was measured with an 
integrating pyranometer. All experiments were with cotton 
except experiment 4 which was with sunflower. 
Experiment Measurements Treatments Sowing Container Irradiance 
date (kg) (MJm - 2d-l) 
3-1 Gas exchange Species and 8. 8.78 8 12 
cultivar 
3-2 Gas exchange Leaf age 15. 6.78 50 8 
3-3 Gas exchange Leaf age 11. 9.78 50 15 
4 Gas exchange Leaf age 6. 3.79 30 10 
5 Gas exchange Fruit age 25. 7.79 30 14 
6 Leaf area Nitrogen 14. 8.78 50 14 
profile rates 
7-1 14c Leaf age 20.12.79 10 17 
distribution 
7-2 14c Water status 19. 2.80 30 10 
distribution 
7-3 14c Shade, water 5. 1.81 10 17 
distribution stress 
7-4 14c Nitrogen 5. 1.81 30 17 
distribution rates 
8 15N Water status 19.12.81 30 17 
distribution 
9-1 Fruit Shade 15. 7.79 30 11 
shedding 
9-2 Fruit Shade 14.11.79 10 19 
shedding 
9-3 Fruit Leaf 19. 2.79 10 9 
shedding removal 
9-4 Fruit growth Leaf 5. 1.81 10 17 
removal 
9-5 Fruit growth Leaf 5. 3. 81 10 10 
-
removal 
Available water was 1 litre per 5.4 kg of potting mix at 
field capacity. This figure was obtained as the difference between 
a pot recently watered and when the plant had wilted severely for 
two days. 
experiments. 
This available water concept is used in water stress 
Containers were thoroughly watered before sowing and 
subsequent management of not watering again until at least 14 days 
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after_ emergence, was intended to encourage root growth. In water 
stress experiments the soil surface was covered with plastic 
sheeting to minimise soil evaporation. Subsequent watering 
maintained available water above 50%; e.g. in 30 kg containers, 
water was applied before 3 litres of water loss. For large plants 
this meant watering every two days; 
interval was up to 20 days. 
but for small plants the 
The major insect pests were thrips, aphids and red 
spiders. Control of these pests was achieved by fumigation or with 
sprays. 
2. Phenology and definition of events 
Cotton is indeterminate, with like events at each 
T 
successive node occu~ing at regular intervals. Figure 2-1 shows an 
example of cotton morphology, particularly the difference between 
mainstem and fruiting branch leaves. Leaf unfolding was recorded 
for most mainstem leaf positions in all experiments. Leaf unfolding 
was defined as the day the leaf blade opened to an angle of more 
than 90°. Flowering was the day of an thesis and the scoring of 
fruit age was always related to this day; i.e. for flower buds 
(squares) the age was negative and was estimated by extrapolation 
from a known earlier event. Bot.h squares and bolls are loosely 
defined as fruit throughout this thesis. 
3. Leaf area 
All leaf areas in gas exchange studies were measured by 
projection onto Kodak Studio Proof paper and measurement on an 
electronic area meter. In the first cotton experiments, a 
calibration between midrib length and leaf area was obtained 
(Fig.2-2). This regression was checked and found to be accurate for 
subsequent batches of plants and for field plants. In practice a 
ruler marked in cm2 was used to directly estimate leaf area. A 
similar approach was used in sunflower using the product of leaf 
length X width X O. 73. Leaf length is widely used in leaf area 
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Figure 2-1 Schematic diagram of the plant parts on each 
mainstem node of cotton. Approximately half scale. 
Key to numbers: 
1. Mainstem. 
2. Mainstem leaf. 
3. Fruiting branch. Extension begins 3 to 6 days 
after unfolding of the mainstem leaf. The first 
fruiting branch appears on the 4th to 8th 
mainstem node. 
4. 
6. 
8. 
First fruit on fruiting branch and its subtend-
ing leaf ( 5). This leaf unfolds 6 to 10 days 
after the mainstem leaf. Anthesis of each fru it 
occurs about 25 days after unfolding of the 
subtending leaf. 
Second fruit and its subtending leaf (7). 
The fruiting branch is indeterminate and can 
have many more fruit and leaves. 
This sequence is repeated at 2 to 4 day 
intervals on each mainstem node. 
estimation and Moreshet (1965) and Grimes and Carter (1969) have 
published data for a range of cotton cultivars. 
The components of leaf expansion were analysed as follows. 
A modified form of the monomolecular equation was used to describe 
the change in leaf area (Y) with time from unfolding (X): 
Y =A+ B (1 - exp(-C xP)) 2-1 
Q 
N 
E 
u 
<( 
w 
a: 
<C 
11 
200-
150 
100 
50 
2 4 6 8 10 12 14 16 
LENGTH cm 
Figure 2-2. The relationship between leaf ~id rib length 
and blade area. Pooled data from Experiments 3-2 and 
3-3 and includes leaves from four node positions. 
Equation for curve: 
Y = 1.053 x2 - l.96X; R2 = 0 98 . . 
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The constant A is leaf area on the day of unfolding, A+B is the 
maximum value of leaf area ( A ) , C and p are rate constants, p 
max 
determining the degree of lag in a curve. This equation was fitted 
to leaf area data by an i terative regression program, modified . by 
K.R. Christian from that presented by Bevington (1969). Leaf 
expansion characteristics were calculated from the constants in the 
equation. The rate of leaf expansion is: 
dY/dX P-1 = p X 2-2 
The day of maximum expansion (inflexion) is given by: 
d 2Y/dX2 = O, at X = ((p-1)/Cp)l/ p 2-3 
The duration (D) of leaf expansion is determined by calculating the 
time from 5% to 95% of A . 
max 
[ 
(.o. 95B-o. os~)l 1 / P 
D = ln 1 - ~c _ 
The average rate of expansion (G) during this period is therefore: 
G = O. 9 A /D 2-5 
max 
These procedures allowed the pattern of leaf expansion to be 
described and quantified in terms of time and rate of expansion. 
There is no claim for biological significance of the equation, 
although Gregory (1956), on theoretical grounds, developed a mono-
molecular equation on the basis of leaf expansion and leaf size 
being determined by cell division and number of mature cells 
respectively. This theory has been further discussed by Richards 
(1969) and dismissed as being an oversimplification. The constant p 
in equation 2-1 allows the curve to have a variable point of 
inflexion. The Richards (modified autocatalytic or logistic) 
function proposed by Dennett et al. (1978) appears to have a 
disadvantage in that the point of inflexion cannot be lower than 37% 
of A • 
max 
From these studies with cot ton and sunflower, the point 
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of inflexion can be lower than 30%, so a curve that can account for 
this is desirable. 
It was found that the constant p was close to 1.5 in all 
cotton studies (1.56+ 0.04) and also subsequently in field plants. 
Equation 2-1 can have an approximate simplified form with A, Band 
C, with C determining the duration of expansion: 
2-6 
4. Root weight 
In some experiments, an index of root weight was obtained 
by hosing the potting mix from the root system. It was impossible 
to both retrieve all fibrous roots and remove all peat moss fibres. 
However the 
measures of 
root weights were considered to 
root mass at each harvest. 
be 
In 
useful 
14co 
2 
relative 
labelling 
experiments, it was found that sp-ecific activity of the fibrous 
roots was less than the tap root. Container size confounded 
comparisons between experiments, since it was easier to wash roots 
out of 10 kg containers than from 30 kg containers. 
s. Dry weight 
All dry weights are for material dried in a forced draught 
dehydrator at 70 to 80°c for 48 h. Where possible, all material 
was weighed to at least three significant digits. 
6. Gas exchange 
The open gas exchange system used to measure rates of co 2 
and H2o vapour exchange of intact leaves has had extensive use in 
this laboratory (Jones and Rawson 1979; Rawson 1979). The term 
photosynthesis will be used throughout this project to describe the 
net CO 2 exchange in the light in this or similar types of 
equipment. Unless otherwise specified, the term light will be used 
to describe irradiance measured in Einsteins with a quantum sensor. 
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throughout. 
Twin 25xl5x3 cm water-jacketed leaf chambers were used 
Each chamber contained a tangential fan and motor, 
thermocouples (38 S.W.G. (0.15 mm) copper/constantan) for leaf and 
air temperature and a quantum sensor. A.D.C. (Analytical 
Development Co. Ltd. U .K.) infra red gas analysers were used to 
measure CO 2 and water vapour. Photosynthesis was measured in the 
differential mode at ambient CO 2 concentration. 
compensation point ( r) and inlet and outlet water vapour pressure 
were measured in the absolute mode. The CO 2 analysers were 
calibrated weekly with a known sample of air and the water vapour 
analyser daily with a dew point hygrometer. Airflow from pumps to 
the chambers was measured by Hastings mass flowmeters. For each 
chamber, a 1500W quartz iodide lamp with water filter was used as a 
light source. All data were recorded on a Speedomax 30-point 
potentiometric recorder. An electronic timer operated a solenoid 
which determined which chamber (or ambient air) was being sampled by 
the analysers. Typical timer settings were 7 min. on each chamber 
and 4 min. on ambient air (i.e. zero CO2 differential). 
in the 
exposed 
For light response measurements, test leaves were enclosed 
chambers late in the afternoon preceding measurement, and 
-2 -1 to a light level of 100-150 rE m s • The lamps were 
switched off at 1800 hand dark respiration was recorded all night. 
The lights were switched on at 0600 h and net photosynthesis was 
measured at six light levels of approximately 120, 400, 600, 1000, 
-2 -1 1500 and 2000 ;iEm s in this sequence over the next 4-6 h. To 
produce each light level, neutral filters of tissue paper were 
layered between the lamps and chambers. Readings for each light 
level were taken after steady values were reached. At selected 
times, r was measured by changing one chamber to a closed system 
through an analyser measuring in the absolute mode. It took about 
one hour for this chamber to fall to a stable level of CO 2 • In 
cotton, maximum values of r were found in young leaves, being 100 pl 
1-l two days after leaf unfolding, then decreasing to 48 pl 1-l 
for 30 day old leaves. Between 30 and 70 days of age, r increased 
slightly to about 66 pl 1-1 : this shape of the r curve with leaf 
age was similar to that of Catsky et al. (1976) with Phaseolus. 
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7. Gas exchange calculations 
Photosynthesis (F), transpiration (Q) and leaf resistances 
to CO 2 transfer were calculated as in Jarvis (1971) using a 
H2o:co 2 diffusion ratio of 1.605, while Ci (the intercellular 
-1 
concentration of co 2 in fl 1 ) was calculated as in Farquhar et 
al. (1978). Boundary layer resistance to CO 2 
-1 
cm 
transfer (r) as 
a 
determined with 'Wettex' leaves was O. 55 s While measuring 
ra, it was found that the water vapour differential (dH20) 
affected the co 2 differential (dC0 2). Therefore this correction 
factor (0.22 dH 2o) was subtracted from dC0 2 • The following 
equations were used with appropriate corrections for temperature and 
pressure: 
F = 
Q = 
dC0 2 x flow 
AL 
dH20 x flow 
AL 
VPD = 
r 
s 
r 
r 
= 
= 
e -1 
C 
0 
Q 
F 
e 
0 
r 
X 
X 
- r 
a 
c. = 
i 
C 
0 
1.6 F' 
Q' 
44000 
24x60 
18000 
24x60 
r 
s 
(e -1 
r 
a 
e ) 
0 
-2 
cm 
-1 
s 
-2 
cm 
-1 
s 
kPa 
-1 
s cm 
-1 
s cm 
2-7 
2-8 
2-9 
2-10 
2-11 
2-12 
Where dC0 2 is the co2 differential in vpm, flow is the rate of 
flow through the leaf chamber in litres min~1 , AL is the leaf area 
2 Sa.tf.l r~-L. 
in cm , dH 2o is the H2o differential in mb,. e1 the A vapour 
pressure at leaf temperature in mb, e the vapour pressure of the 
0 
outgoing air in mb, VPD is vapour pressure deficit in kPa, C is 
0 
the concentration of the 
photosynthesis in pmoles co 2 
in mmoles H2o m-
2 s-l and 
residual resistances ins cm-1 • 
. . . 1 1-l F' outgoing air in f , is net 
m- 2 .s -l and 
r 
s 
and 
Q' 
are 
is transpiration 
the stomatal and 
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Ci is related to the water use efficiency index (p) of 
Rawson et al. (1977): 
2-13 
By combining equations 2-9, 2-12 and 2-13 the following relationship 
is found: 
C C. 
0 l 
= 6.55 (or C. = l C 0 - 6-5r) 
Typical measuring conditions in the experiments were: 
concentration 330 + 15 pl 1-1 , co2 differential 
flow rate 13 1 min-1 , air temperature 25.4 + 
2-14 
ambient co2 
13 pl 1-1 , 
0.1°c, leaf 
temperature 27.8 + 0.2°c and vapour pressure deficit 2.08 + Q.07 
kPa. 
Curves of the form: 
F=-Rd+(Rd+F )(1-exp(-~I/(Rd+F ))) 
max max 
2-15 
were fitted to the light (I) response data, where F is net 
photosynthesis, Rd dark respiration, 
light saturation and ex: the ini ti-al 
F 
max 
slope 
net photosynthesis at 
of the light response 
curve. Note that because of the characteristics of this curve, the 
fitted slope is about 20% greater than the slope calculated from the 
first data points. The ~ data presented in all sections were 
calculated from the first data points and are therefore comparable 
with quantum yield reported by others (e.g. Ehleringer and Bjorkmann 
1977). Subsequent to these studies, Goudria~n (1979) has outlined 
the use of equation 2-15 for light response. Rectangular hyperbolae 
(e.g. Thornley 1976) were found to be unsuitable for describing 
light response of very young and old leaves. 
8. Determination of 14c activity 
Dried plant material was ground in a Wiley mill with 40 
mesh seive. A 50 mg subsample was taken for dry counting in a ICN 
lT~----------------------------------------
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Tracerlab Omniguard end window gas flow Geiger-Muller tube counter 
for 5 min (O'Brien and Wardlaw 1961). These samples were held in 
stainless steel planchets during counting. Batches of fifty samples 
were counted sequentially by using an ICN planchet sample changer. 
Cotton lint and plant parts smaller than 80 mg dry weight 
were digested by the wet combustion method of McWilliam et al. 
(1973), a modification of the Shimshi (1969) method. A 20 mg sample 
was placed in a small test tube containing 5 ml chromic acid (25 g 
chromium trioxide, 167 ml orthophosphoric acid and 333 ml 
concentrated sulphuric acid) and immediately sealed in a 7. 5 cm 
McCartney bottle with 4 ml 0.5 N sodium hydroxide (2 g in 100 ml 
distilled water). These bottles were autoclaved at 97 kPa., 120°C 
for 20 min. then left overnight at room temperature. The CO 2 
released from the samples was absorbed by the NaOH in the bottles. 
The volume of NaOH was measured, since some water vapour can be 
absorbed by the chromic acid. Usually 3.5 ml of NaOH was left; if 
there were any large deviations from this value the sample was 
repeated. One ml of the NaOH solution was placed in a scintillation 
vial and shaken with 0.5 ml water and 10 ml of scintillation fluid 
(200 ml xylene, 1.0 g PPO, 0.02 g POPOP and 100 ml Triton X-100). 
After storage in the dark, these samples were counted for 10 min. in 
a Beck.man CPM 100 liquid scintillation counter. 
converted to specific activity as follows: 
These counts were 
(Count-blank) x Volume of NaOH cpm per 20 mg 
where the blank counts were on 1.0 ml of NaOH solution that had been 
autoclaved with blank chromic acid. 
A calibration was established between the dry counts and 
. 
the wet combustion method. This calibration was found to be 
consistent on four separate occasions and Figure 2-3 shows the 
pooled data. All dry counts were converted to this specific 
activity and the total activity per plant part (specific activity x 
weight) was expressed as a percentage of total counts per plant. 
r 
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Figure 2-3. Calibration- between surface C counts 
on dry, ground plant material and scintillation 
counts after digestion in chromic acid. Different 
symbols refer to different days. 
Equation for curve: Y = 7.72 + 0.107 x. 
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SECTION 3. GAS EXCHANGE CHARACTERISTICS 
OF COTTON LEAVES 
A. Summary 
Three experiments measured net 
respiration (Rd) and light response 
photosynthesis (F ) dark 
max 
of cotton leaves. Plant 
factors studied were species and cultivar, leaf position on the 
plant and leaf age. 
Leaf age had a greater effect on F than cultivar and 
max 
leaf position. The rate of decrease in F with leaf age was 
max 
affected by species and cultivar. 
Peak F of about 110 CO cm-2s-l was attained max ng 2 
13-15 days after leaf unfolding, when the leaf was 75-90% of maximum 
area. F 
max 
was maintained at this rate for only 12 days before 
declining linearly to values 20% of peak rates at 70 days of age· 
Transpiration 
about 13 /1g 
followed a similar pattern, reaching 
-2 -1 H2o cm s at 13 days of age. 
a maximum of 
Stomatal and 
internal conductances changed in parallel as leaves aged, with the 
consequence that internal concentration and water use 
efficiency remained constant throughout the life of the leaf. 
Youngest and oldest leaves saturated at lowest light levels 
(400-800 pE -2 -1 m s ), while 16-18 day old leaves saturated at 
1100 pE -2 -1 The m s • initial slope of the light response curve 
increased as leaves reached 10 days old, then remained constant at 
0.25 ngCO~m 
-2 (pE -2 -1 reached of 1.s m ) • Rd a maximum ng 
CO2 
-1 - 5 days after leaf unfolding, when leaf dry weight mg s 
was increasing most rapidly. 
A carbon budget for cotton leaves showed that a leaf became 
a net carbon exporter at 7 days of age. Peak export of 1. 0 mg 
carbon cm -zd-l was at age 24 days. Dark respiration used most 
carbon 12 to 15 days after leaf unfolding, but the absolute amount 
was only 10% of the daily fixation. 
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B. Introduction 
In many studies of photosynthesis, measurements are 
standardised by considering only 'young fully expanded leaves' and 
it is not uncommon to examine only the first few true leaves. This 
approach is acceptable for studies on gas exchange per se, but for 
information regarding production and consumption of carbon within a 
plant such as cotton, it may give misleading results as these leaves 
are removed from fruit growth. The first fruit on a cotton plant 
are between mainstem nodes 4 and 7 and bolls are growing near leaves 
past the 'young fully expanded' stage. Therefore conclusions 
regarding the leaves might not be accurate if later leaves 
photosynthesise at different rates, as found in soybean by Woodward 
(1976) and in sunflower by English et al. (1979). Having fruit 
growing near to older leaves is in contrast to most grain crops 
where the head is near the youngest leaf. If cotton boll growth 
relies heavily on local assimilate supply as implied by Brown (1968) 
and Ashley (1972), the maintenance of photosynthesis in leaves 
adjacent to fruit should be important for maximum boll growth. 
However, available cotton data shows that leaf photosynthetic rate 
is declining during boll growth (Elmore et al. 1967; Brown 1973a). 
In order to understand how the plant allocates its carbon, 
one step is to determine how much carbon the plant produces under 
different conditions, and where on the plant the carbon is 
assimilated. leaf size is an important component of dry matter 
production since total photosynthesis is the product of leaf size 
and unit rate of photosynthesis. In general, large leaves produce 
more assimilate, but will have needed more minerals and carbohydrate 
in order to achieve their size, and subsequently they shade lower 
regions of the plant more than small leaves. This generalisation is 
further complicated in that at least one study on cereals comparing 
plant types has found that genotypes with smaller leaves have a 
higher unit rate of photosynthesis (Evans and Dunstone 1970). 
Leaf photosynthesis can be influenced by many factors such 
as leaf age, leaf position, sink effects and mutual shading, as well 
as environmental factors such as light, temperature, nutrition and 
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water availability. All of these factors need to be considered in 
determining carbon production accurately. This section examines the 
effect of age on gas exchange of cotton leaves. The first 
experiment studied a range of cultivars in two cotton species to 
determine the relative effects of cultivar, leaf position, leaf age 
and leaf size on photosynthesis. In two further experiments, leaves 
of one cultivar were monitored from their unfolding to senescence, 
and detailed observations were made on various node positions. The 
aim of the studies was to uncover general patterns of gas exchange 
in cot ton leaves. The data will be used to construct budgets of 
carbon assimilation and utilisation by cotton leaves and plants. 
c. Effects of cultivar 
Eleven cultivars of diverse origin and maturity (Table 3-1) 
were grown one plant per 8 kg pot. Net photosynthesis was measured 
Table 3-1. Details of species and cultivar for cotton 
plants grown in experiment 3-1. Maturity 
groupings: E-early, M-medium, M/L-medium late, 
L-late. Leaf types: N - normal leaf 
Species/Cultivar 
G.hirsutum 
Riverina Poplar 
REgar 1 
Rode 
Deltapine 16 
M8 Super Okra 
Namcala 
Acala 6010 
G.barbadense 
5595 V 
6249 V 
6465 V 
Pima Sl 
S - super okra leaf 
Maturity Leaf Type Origin/background 
E 
E 
E 
M 
M 
M/L 
M 
M/L 
M/L 
M/L 
L 
N 
N 
s 
N 
s 
N 
s 
N 
N 
N 
N 
Australia (KK1543 (USSR)x 
Paymaster (USA)) 
USSR (Tadjikistan cul ti var 
from Tashkent 1) 
Australia (Ri verina Poplar 
xM8 Super Okra) 
USA (a standard cultivar 
in Aust & USA) 
USA (Deltapine double 
haploid) 
Australia (selection from 
USA introduction) 
Australia (Acala 6010 
(USA) x M8 Super Okra) 
USSR (Tadjikistan, USSR) 
USSR (Tadjikistan, USSR) 
USSR (Tadjikistan, USSR) 
USA 
at 1800 Jill -2 -1 m s 
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and 25°c air temperature on three 
replications of each cultivar on two occasions: leaf 5, age 20 days 
and leaf 9, age 30 days. 
Leaf 5 was larger than leaf 9 in this pot size, especially 
in super okra leaf and all G. barbadense cultivars (Table 3-2). The 
large reduction in size of upper leaves is a standard feature of the 
'climax' expression of the super okra leaf gene (Andries et al. 
1970; Thomson 1972). Lower leaves on super okra plants have 3 to 5 
lanceolate lobes while the climax form at the top of the mainstem 
and along the fruiting branch is a single lobe. 
Rates of net photosynthesis for leaf 5 were affected by 
species and leaf type, but not by cultivar (Table 3-2). The mean 
rates for all cultivars was 127+7, 
-2 -1 co 2cm s 
108+5 and 100+12 ng 
Table 3-2. Effect of leaf position/leaf age, species and 
cultivar on light saturated net photosynthesis (Fmax) and 
intercellular CO2 concentration (Ci)• 
Means and standard error of three plants. 
Species/ 
Cultivar 
Node 
No 
G.hirsutum 
Riverina Poplar 5 
9 
Regar 1 5 
9 
Rode 5 
9 
Deltapine 16 5 
9 
M8 super okra 5 
9 
Namcala 5 
9 
Acala 6010 5 
super okra 9 
G.barbadense 
5595 V 5 
5 
9 
6249 V 5 
9 
6465 V 5 
9 
Pima Sl 5 
9 
Age 
20 
30 
20 
30 
20 
30 
20 
30 
20 
30 
20 
30 
20 
30 
20 
50 
30 
20 
30 
20 
30 
20 
30 
Leaf size 
2 
cm 
112+ 6 · 
108+10 
130+ 9 
118+16 
116+11 
35+ 5 
156+ 9 
105+ 5 
125+15 
44+ 9 
106+ 3 
102+ 3 
134+ 4 
33+ 3 
134+11 
129+ 6 
79+ 2 
133+ 8 
82+14 
130+ 7 
98+ 3 
137+10 
9o+l7 
Fmax 
-2 -1 
ngC0 2cm s 
131+ 2 
lOo+ 5 
125+18 
79+12 
109+ 6 
90+ 7 
125+15 
90+ 9 
104+ 6 
69+ 3 
126+ 3 
103+ 2 
llo+ 2 
68+ 4 
101+17 
88+ 6 
99+ 1 
94+11 
96+ 7 
111+15 
103+ 5 
93+ 5 
97+11 
Fmax Ci 
/1g co
2
leaf-1s -l pl 1-l 
14.6+0.6 
10.9+1.l 
16.6+3.2 
9.7+2.9 
12.9+1.9 
3.2+0.6 
19.7+3.l 
9.4+0.8 
13.2+2.2 
3.o+0.6 
13.4+0.4 
10.5+0.4 
14.8+0.8 
2.2+0.3 
13.9+3.4 
11.3+0.2 
7.8+0.2 
12.3+0.8 
7.7+0.7 
14.5+2.6 
10.1+0.6 
12.6+0.4 
9.o+2.4 
179+11 
209+ 7 
191+21 
215+14 
179+18 
208+ 8 
218+ 8 
222+ 3 
223+ 1 
204+10 
209+ 3 
202+ 7 
229+ 2 
178+12 
222+ 5 
240+ 3 
2lo+ 5 
222+ 6 
201+ 6 
217+ 4 
200+ 9 
234+ 3 
207+ 6 
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for G~ hirsutum normal and super okra leaf and G. barbadense 
respectively. For leaf 9 the difference between species was not 
present 
-2 -1 
cm s 
since values 
and values for 
for 
G. 
G. hirsutum 
barbadense were 
dropped by 
unchanged. 
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The 
ngco 2 
lack 
of decline with leaf age in the latter species was confirmed with a 
measurement on a 50 day old leaf 5, and the rates were only reduced 
by 13 ngco 2 cm-
2
s-l from 30 days earlier (Table 3-2, cv 5595V). 
Other studies examining rates of photosynthesis of cotton 
cultivars have generally not found any significant differences 
within a species (El Sharkawy and Henketh 1965; El Sharkawy et al. 
1965; Muramoto et al. 1965; Elmore et al. 1967). These authors 
also have found lower rates for species such as G. arboreum and G. 
lobatum, but G. barbadense has been identical to G. hirsutum. Super 
okra leaf has been found to have a similar net photosynthesis to 
normal leaf shape (Elmore et al. 1967; Karami et al. 1980), 
although due to a lower leaf area, photosynthesis on a ground area 
basis was reduced (Pegelow et al. 1977). A more rapid rate of leaf 
ageing in super okra has also been noted by Elmore et al. (1967). 
Photosynthesis per leaf was affected by leaf size and 
photosynthesis rate (Table 3-2). Since leaf 9 was smaller in G. 
barbadense, photosynthesis per leaf was reduced despite the 
maintenance of photosynthesis rate· with age. The very small leaves 
and reduced photosynthesis rates in super okra leaf 9 meant that 
photosynthesis per leaf. was only 28% of that by normal leaf shape. 
Within G. hirsutum normal leaf shape, photosynthesis per leaf was 
dominated by leaf size, with Deltapine 16 and Regar 1 being 
-1 -1 greatest, with up to 20 pgco 2 leaf s . 
C. is a measure of water use efficiency (see General 
l 
Methods) and the results indicate that early cultivars Riverina 
Poplar, Regar 1 and Rode had a high water use efficiency (low C.) 
l 
for leaf 9. The old ( 50 d) leaf 5 had low water use efficiency 
(high Ci). All other leaves had intermediate water use efficiency 
- the mean value of 210 fl 1-l is similar to reported data for 
cotton (Wong 1980). 
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The conclusion from this experiment is that the effects of 
leaf size and leaf age had a greater influence on production 
( photosynthesis per leaf) 
particularly in G. hirsutum. 
than unit rate of photosynthesis, 
The decreased rate of ageing in G. 
barbadense was not expected (see summary in next experiment) and it 
is maybe a character worthy of further investigation. The remainder 
of the cotton experiments in this project will be confined to the 
standard G. hirsutum cultivar Deltapine 16. 
D. Effects of leaf age and node position 
In experiment 3-2, measurements were confined to mainstem 
leaves 5, 7 and 9 (numbering from the base of the plant) and the 
first leaf on the fruiting branch on node 9 (called 9-1). These 
measurements commenced as soon after leaf unfolding as the leaf 
could be fitted into the leaf chamber and were concluded up to 68 
days later. On average these 15 plants produced 17 mainstem nodes 
and set a total of 13 bolls after one fruiting cycle. In experiment 
3-3, only leaves 5 and 9 were measured up to 48 days from unfolding 
in order to obtain more data on expanding leaves. The major portion 
of these experiments involved non-destructive measurements of gas 
exchange and leaf area, however some plants were sampled to 
determine specific leaf dry weight (SLW). For mature leaves SLW was 
-2 2 5. 22 mg cm for experiment 3-2 , and 6. 81 mg cm - for experiment 
3-3. The date of appearance of leaves and fruit were also recorded 
three times per week. 
1. Results 
a. Changes in Area Per Leaf and Gas Exchange with Node 
Position 
The largest leaves on plants were at node 7 to 9 (Table 
3-3) with higher or lower positions having smaller leaves. Leaves 
on fruiting branches averaged about 60% of the corresponding 
mainstem leaf size. The increase in leaf size with height on the 
plant was due entirely to faster rates of expansion, as the duration 
Experiment 
3-2 
3-3 
i 
Leaf position 
node no. 
5 
7 
9 
' 9-1 
5 
9 
Table 3-3. Growth and net photosynthesis of cotton 
leaves at different nodes in experiment 3-2 and 3-3 . 
Values presented are final leaf area (Amax), leaf 
age at maximum rate of leaf expansion (Inflexion), days 
from 5% to 95% Amax (Duration) and average rate of 
expansion over this period (Rate). Net photosynthesis 
at 2000.f<E m-2s-l (Fmax) was averaged for leaves 
13 to 25 days old. 
Leaf growth Gas exchange 
Amax 
2 
cm 
., 
150 + 5 
-
189 + 12 
-
196 + 12 
-
128 + 6 
89 + 4 
157 + 8 
Inflexion 
days 
3.9 
4.0 
3.6 
3.6 
3.8 
4.2 
Duration 
days 
19.4 
17.1 
16.0 
15.5 
20.4 
16.5 
Rate 
2 -1 
cm day 
7.0 
9.9 
11.0 
7.4 
3.9 
8.6 
Fmax 
-2 
ngC0 2cm s 
111 + 5 
-
108 + 3 
112 + 3 
108 + 3 
106 + 2 
100 + 3 
-1 N Vl 
~ 
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of leaf expansion was less at higher nodes. The period of peak 
expansion was early in the life of the leaf, as early as 3.6 days 
after leaf unfolding for leaves 9 and 9-1. Thus the time of most 
rapid expansion was when the leaf was between 30 and 38% of A . 
max 
There were no consistent or significant differences in 
photosynthesis or transpiration per unit leaf area between leaf 
positions or experiments; the maximum range was less than 6%. 
b. Changes in Gas Exchange with Leaf Age 
Net photosynthesis at light saturation (Fmax) increased 
rapidly during the first 13 days after leaf unfolding (Fig. 3-1). 
Extrapolation of the data from 2 days 
close to zero on the day of unfolding. 
indicates that F 
max 
From age 25 days there 
was 
was 
an approximately 
cm-2s-l d-1 ) and 
linear fall in F (at 1.75 + 0.24 ngco 2 max 
at age 68 days, F was only 20% of the 
max 
value on day 25. Transpiration changes with leaf age followed a 
similar pattern to F 
max' 
reaching maximum values of about 13 pg 
days cm-2s-l at 13 days and also 
3-2). By 68 days, rates of 
-2 -1 
approximately 4 /lg H2o cm s • 
declining from 
transpiration 
age 
had 
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fallen to 
F first reached its .peak when leaves were 75-90% of 
max 
final leaf area, but as F remained essentially unchanged for 12 
max 
days, carbon fixation per leaf did not peak until leaves were fully 
expanded. Clearly, as leaves at different nodes differed in final 
area (Table 3-3), yet had similar peak rates of photosynthesis per 
unit leaf area (Fig. 3-1), carbon fixation per leaf was dependent on 
leaf area. For this reason, leaves in experiment 3-3 fixed less 
carbon at light saturation than leaves at equivalent leaf positions 
in experiment 3-2. 
Rates of dark respiration (Rd), expressed on a per unit 
leaf area basis, reached a peak between age 7 and 17 days (Fig. 
3-3a), but the rates were higher in experiment 3-3 than in 
experiment 3-2. However, when the results are expressed on a dry 
weight basis (Fig 3-3b), the difference between experiments is 
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3-3. I ,O - leaf 5. • leaf 7. A ,A - leaf 9. • -
leaf 9-1. Each point is the mean of at least two 
leaves. Equation for curve: Y = -8.22 + 15.7 X exp 
(-0.05X) 
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LEA~ A GE: days 
-2 -1 Figure 3-2. Cotton transpiration (Q) at 2000 ;iE m s 
as influenced by leaf age in days from unfolding. 
Solid symbols Experiment 3-2 , open symbols 
Experiment 3-3. Each point is the mean of at least 
two leaves. Curve drawn by hand. 
minimised with peak Rd of 1.6 ng 
- 1 -1 
~9 s occurring at 
about 5 days age; at about this age leaves were growing at their 
maximum rate (Table 3-3). 
-1 -1 0.6 ngco 2 mg s • 
Fully .expanded leaves had Rd of O. 3 to 
c. Leaf Age and Leaf Conductances to CO2 Transport 
Fig. 3-4 shows the changes in stomatal (including 
cuticular) conductance and internal (residual) conductance with leaf 
age. 
3-1), 
Both conductances followed a similar pattern to F (Fig. max 
with a rapid rise after leaf unfolding, reaching a peak 
between days 15 and 25, and then a gradual decline. Stomatal 
conductance was approximately double the internal conductance 
throughout the life of a leaf. 
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Figure 3-3. Cotton dark respiration (Rd) as influenced 
by leaf age. solid symbols - Experiment 3-2, op en 
symbols - Experiment 3-3. Each point is the mean of 
at least two leaves. (a) Rd on a leaf area basis. 
(b) Rd on a leaf dry weight basis. Curves drawn by 
hand. 
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Figure 3-4. Cotton leaf stomatal (A,~) and internal (e,O) 
-2 -1 
m s as 2000 CO 2 conductances to at 
influenced by leaf age .• Symbols as described 
previously. Curves drawn by hand. 
The influence of leaf age on calculated internal CO2 
concentration (Ci) was small (Fig. 3-5). With the exception of 2 
day old leaves, Ci averaged 220 }11 1-l (standard deviation 16, n 
= 64). There was a slight tendency for C. to rise as leaves aged, 
12 
with a regression of C. = 204 + 0.57 Age; r = 0.17. 
l 
d. Light Response 
The response of photosynthesis to light for 2, 4, 8, 16, 
18, 27, 44, 60 and 68 day old leaves are shown in Fig. 3-6a and b. 
Light saturation of photosynthesis (95% Fmax) occurred at about 
-2 -1 800 pE m s in young leaves. Leaves aged 16-18 days had light 
-2 -1 saturation at about 1100 pE m s . There was no consistent 
difference between experiments in the level of light saturation 
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Figure 3-5. Cotton intercellular CO2 concentrations 
(Ci) at 2000 pE m72s-l and 330 )11 1-lco2, 
as influenced by leaf age. Symbols as described 
0 
previously. 
----- -
AGE=16 
AGE=B 
____ ..0..-----0--
- - '"O 
500 1000 1500 
AGE=4 
• 
AGE=2 
2000 
IRRADIANCE I (µE m-2 5 -1) 
0 500 
--__,.~----t---+- AGE=44 
AGE=60 
'• AGE=68 
1000 1500 2000 
Figure 3-6. The response of net photosynthesis to irrad-
iance of cotton leaves of different ages; symbols as 
described previously. (a) for expanding leaves, (b) 
for mature and ageing leaves. Curves fitted are as 
described in general methods. 
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within ~ach age. Light compensation point (F=O) averaged about 10 
-2 -1 pE m s , but was higher for leaves less than 20 days old. 
The initial slope of the light response curve (~) is shown 
in Fig. 3-7. Maximum 0( was achieved at 10-15 days and remained 
relatively constant at this level of 0.25 + 0.03 ng CO 2 cm-
2 (pE 
-2 -1 -1 
m ) (i.e. 0.057 moles CO2 E ) • 
...--.-.. 
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Figure 3-7. The initial slope of light response curves(~) 
of cotton leaves as influenced by leaf age. Symbols as 
described previously. s.e. denotes the standard error~ 
calculated as the square root of the error mean square 
from the regression. 
2. Discussion 
a. Rates of ageing of leaves 
Leaf age was a very important determinant . in the rate of 
photosynthesis of cotton. The rate of decline in photosynthesis 
averaged 1.75 + 0.24 ngC02 
-2 -1 for each day leaf aged cm s a 
over 25 days from unfolding. Leaves recently unfolded were also 
inferior, although they attained maximum rates within about 12 
days. This conclusion generally applies to other species. Table 
3-4 shows a summary of some published data on the rate of ageing of 
leaves, as measured by the decline in light saturated net photo-
Genus 
Coffea 
Larrea 
Medicago 
Sorghum 
Pennisetum 
Gli:cine 
Calopo'm 
Cucumis 
Festuca 
Cynodon 
Pisum 
Cajanus 
Arachis 
Glycine 
Phaseolus 
;;;~r:. ~ --~ .. :-.: ~ _ . --
Table 3-4. Summary of rates of ageing of leaves as measured by the 
decline in light saturated net photosynthesis (Fmax) with 
time. Linear regressions were fitted to published Figures or 
tables. Where possible, all rates were converted tong 
CO2 cm-2s-l. Key to growing conditions: F - Field, 
0 - pots outside, G - Glasshouse and C - Growch cabinet. 
Rate of ageing Comment Conditions Reference 
-2 -1 -1 % of ngco2cm s d peak 
0.04 0.2 G Yamaguchi and Friend (1979) 
0.04 0.3 C 
0.26 1.2 C Syvertson and Cunningham (1977) 
2.98 2.7 G Hodgkinson (1974) 
5.92 2.4 C Ludlow and Wilson (1971b) 
6.33 2.5 
1.64 2.0 
1.58 1.5 
2.62 5.1 C Hopkinson (1964) 
- 2.5 C Wilhelm and Nelson (1978) 
1.41 2.7 C Hart and Lee (1971) 
( 
3.71 4.9 0 
- 5.7 C Smillie (1962) 
1.81 2.2 cv.UQ68 G Rawson and Constable (1980b) 
1.90 2.0 cv.UQ50 
1.80 1.4 
5.28 3.2 canopy F Sesay and Shibles (1980) 
1.83 1.9 F Wittenbach et al. (1980) 
2.51 2.1 control G Woodward and Rawson (1976) 
1.86 1.6 depodded 
3.12 1.8 cv.Corsoy F Lugg and Sinclair (1981) 
2.72 1.8 cv.Chippewa 
4.50 6.2 C O'Toole et al. (1977) 
9.00 8.2 C Catsky et al. (1976) 
1.32 1.9 C Davis and McCree (1978) 
w 
w 
Table 3-4 (Cont'd) 
Genus Rate of ageing Comment Conditions Reference 
-2 -1 -1 % of ngC0 2cm s d peak 
Triticum 1.08 1.3 spaced G Angus and Wilson (1976) 
1.75 2.1 canopy 
0.65 2.0 16 wm-2 C Osman and Milthorpe (1971) 
0.84 2.2 26 
1.47 3.9 44 
1.97 4.8 75 
2.08 2.3 0 C Evans and Rawson (1970) w 
1.18 1.1 24/19 C C Winzeler and Nosberger (1980) .p.. 
1.05 1.0 18/13 
o.78 0.8 12/7 
. 
2000 /1E m-2s~l 1.48 1.0 
0.52 0.9 250 
Nicotiana 1.64 2.6 G Rawson and Hackett (1974) 
4.11 4.4 High light C Rawson and Woodward (1976) 
2.17 2.3 Low light 
Helianthus 4.38 5.3 detached F Rorie and Udagawa (1971) 
' 1. 55 1.7 G English ~t al. (1979) 
1.98 1.4 cv.SxSl G Section 4 
1.17 0.9 cv.Sx52 
3.9 14co2 F Rawson and Constable (1980a) 
Gossypium 1.19 2.3 C Nagarajah (1975b) 
1.10 2.5 upper C Nagarajah (1975b) 
0.56 1.1 lower 
0.82 1.8 whole leaf 
2. 06_ 3.5 2 spacings C Nagarajah (1976) 
3.14 2.3 F Elmore et al. (1967) 
1.0 14C02 0 Brown (1973a) 
3.30 2.8 G.hi r sutum G Experiment 3-1 
0.34 0.3 G.barbadense 
1.75 1.6 G Exper iment 3-2, 3-3 
synthesj_s (F ) over time. max 
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Linear regressions were fitted to 
reported data in order to estimate average declines, although some 
authors fitted quadratic curves (Rorie and Udagawa 1971; O'Toole et 
al. 1977). Al though there is a wide range of growing conditions, 
the pattern found in these experiments is representative of the 
general trend. The slowest rates of decline were in the shrubs 
Larrea and Coffea. The most rapid percentage rates of decline were 
in Phaseolus, Pisum, Cucumis and Cynodon, while the most rapid 
absolute rates of decline were in the high F (C) genera 
max 4 
Sorghum and Pennisetum. The rapid drop in these c4 plants would 
imply that the age were F reaches zero is relatively constant. 
max 
An important observation from this summary is that experiments using 
plants with a high rate of F generally give a high rate of 
max 
decline in F with age. 
max 
Such an inference is difficult to 
confirm, and in fact from a comparison of data from the one 
laboratory it seems the absolute rate of decline is relatively 
constant (Rawson and Hackett 1974; Rawson and Woodward 1976; 
Woodward and Rawson 19 7 6; Rawson and Constable 1980b; sections 3 
and 4). 
decline 
Between the extremes already mentioned, the average rate of 
of F with 2 CO cm- 2s -ld-l or about 2% max age, ng 2 
of F is consistent with the measurements here. max' 
Within the intermediate group there are apparent effects of 
environment on the rate of ageing: plants grown at high light, 
field plants or close spacing had a greater rate of ageing than 
plants grown in a glasshouse or growth cabinet. Beuerlein and 
Pendleton (1971) have also inferred a reduction in ageing with wide 
spacing because of increased light to lower leaves. Winzeler and 
Nosberger (1980) have shown that higher temperatures increase the 
rate of ageing, and that this effect is acce~tuated by high light. 
Within cotton, the upper leaf surface was found to age quicker than 
the lower surface (Nagarajah 1975a). The higher rate of decline in 
the data of Elmore et al. (1967) compared to results in this section 
is consistent with the effect of field grown plants or close spacing 
already noted. A similar conclusion is found with sunflower when 
comparing the results from section 4 with field results (Rorie and 
Udagawa 1971; Rawson and Constable 1980a). 
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b. The consistent pattern of gas exchange 
Leaves of different final size, from different node 
positions and from plants grown at different times of the year all 
had similar patterns of F in relation to their age (Fig. 3-1). 
max 
During the period of study, leaves were at a particular age when the 
plant was vegetative, when it flowered and when boll growth began, 
yet there was no evidence that any of these events modified the 
pattern. This indicates that either plant growth is constrained by 
these patterns of gas exchange, or that there is sufficient 
flexibility in the plant in storage and leaf size to buffer the 
system and maintain the pattern. 
Leaf ageing is associated with the increasing presence of 
demands from reproductive sinks. Manipulative experiments aimed at 
studying the effect of sinks on F have been inconclusive, with 
max 
some results showing that removal of fruit has no ef feet on F 
max 
or growth (Nagarajah 1975b; Malik et al. 1981), or the effect is 
small (Woodward and Rawson 1976), or that F declines (King et 
max 
al. 196 7; Mondal et al. 1978). It is commonly felt that wheat flag 
leaf Fmax is maintained at a high level during grain filling. 
This reduced rate of ageing has been attributed to a positive effect 
on F from demand 
max 
Fischer et al. 1981; 
by reproductive sinks (Rawson et al. 1976; 
review by Gifford and Evans 1981). Sung and 
Kreig (1979) found that during vegetative growth in cotton, the leaf 
subtending a fruit had a lower F than a mainstem leaf. During 
max 
boll filling the relative magnitude was reversed. Sung and Kreig 
(1979) attributed this result to sink demand, but leaf age was not 
considered, during the time interval between the two 
measurements, the mainstem leaf Fmax declined to below that of the 
leaf subtending a boll. A later paper from the same laboratory 
(Karami et al. 1980) found no difference between mainstem leaves and 
fruiting branch leaves in F and rate of ageing, consistent with 
max 
the results here. Both Ashley (1972) and Karami et al. (1980) have 
found mainstem leaves export more 14 co2 in the first 6 h after 
labelling than fruiting branch leaves. This difference was not 
evident after 24 h, as the fruiting branch leaf continued to export 
during the night. Leaf age and vascular connections are possible 
37 
reasons - for the difference. The mainstem leaf is connected directly 
to the large vascular traces of the mainstem. 
1bere is therefore circumstantial evidence that boll growth 
requirements did not 
that mainstem leaves 
influence F , since there was no indication 
max 
and fruiting branch leaves had a different 
pattern of F with age. In 
max 
fact both leaves were out of 
sequence with the requirements of a boll: F of 
max 
both leaves was 
declining during the rapid stage of boll growth. The relative 
carbon supply and consumption of leaves and bolls will be calculated 
in a later section. 
Leaf ageing is also associated with lower leaves being 
progressively shaded as the plant grows larger. Experiments with 
both cotton (Nagarajah 1976) and with soybeans (Beuerlein and 
Pendleton 1971) have shown that if old leaves are allowed to stay in 
full light the rate of ageing can be slowed or halted. This finding 
confirms that light conditions can influence ontogenetic changes in 
F and cotton is no exception (Patterson et al. 1977; Van 
max' 
Volkenburgh and Davies 1977). 
Even though it is concluded that the main determinant of 
F was not the direct carbon requirement of local sinks, it is 
max 
likely that the boll constituted a large sink for nitrogen and 
withdrawal of this from leaves is consistent with depressed F • 
The relation between F 
max 
and 
max 
nitrogen content has been 
established (e.g. review by Murata 1969) and nutrient content has 
been shown to decline in ageing leaves of cucumber (Hopkinson 1964), 
tobacco (Rawson and Hackett 1974) and cotton (Nagarajah 1975b; 
Thompson et al. 1976). 
c. Internal Factors Controlling Age-Dependent Photo-
synthesis 
Stomatal and internal conductances, either independently or 
together, have been proposed as the cause of c hanges in F with 
max 
leaf age. Most workers have observed the decline in F 
max 
to be 
associated with a reduction in stomatal conductance (Holmgren et al. 
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1965; Begg and Jarvis 1968; Rawson and Woodward 1976) although the 
reduction was not consistent and continuous in any of these 
studies. Hodgkinson (1974) found marked reductions in the internal 
conductance of lucerne leaves as they aged beyond 40 days, and found 
that the effect could be reversed if a large sink for assimilates 
was created by removing other leaves. Catsky et al. (1976) with 
beans, found that stomatal conductance began to decline even while 
internal conductance was still increasing. However these workers 
concluded that neither conductance played an overriding role during 
the whole life of the leaf. The most common finding is that the 
conductance changes essentially in parallel as leaves age (e.g. 
Ludlow and Wilson 1971b; Woodward and Rawson 1976) with the result 
that the concentration of CO2 in the intercellular spaces ( C.) l 
remains constant (Davis and McCree 1978; Goudriaan and van Laar 
1978a). 
1-l at 
This 
330 
is 
)11 
the 
-1 1 
case with these 
(Fig.3-5). 
results, c. 
l 
being 
A constant C. 
l 
220 pl 
is 
accordance with hypotheses of stomatal control (Raschke 1975) 
in 
and 
stomatal reaction (Wong et al. 1979), with the latter authors 
proposing that stomata respond to one of the metabolites involved in 
carbon fixation. 'There were indications from these data that very 
young leaves had low levels of C. 
l 
-1 (150 pl 1 ) indicating that 
stomatal development was lagging behind internal development. 
As outlined in the methods, C. is related to the water 
l 
use efficiency index S,W) of Rawson et al. (1977). For the cotton 
leaves in these experiments, JJJ was 16. 8 ng co 2 yig 
-1 -1 -1 Pa ) at 330 )-11 1 CO2 • In earlier studies of 
c3 species (Rawson et al. 1977), JJJ ranged between 13 and 
-1 -1 y.ig H2o. kPa ) which corresponds with a range 
H20.k 
several 
24 ng 
of C. 
l 
from 245 ;il 1-l (jojoba) to 173 )-11 -1 1 (wheat). Woodward and 
Rawson (1976) found? of soybean leaves to increase as leaves 
expanded, then remain stable at values of approximately 18 ng co2 
-1 -1 -1 yig H20.kPa ) , equivalent to a Ci of 212/11 1 • 
Other internal aspects of a leaf have been correlated with 
the pat tern of F 
c"1v,\'\ c.~d~ max 
ac ti vi ty of enzymes 
I\. 
1971, 1972; O'Toole 
with leaf age: a common finding is that the 
parallels that of F (Smillie 1962; 
max 
Steer 
et al. 1977; Wittenbach et al. 1980; review 
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by Zima and Sestak 1979). Chlorophyll content has also been found 
to have a similar pattern (Steer 1972; Cuelemans and Impens 1979; 
review by Sestak 1977). As discussed earlier, the nutrient content 
of a leaf declines with age. Therefore the decline in F with 
max 
age is accompanied by the general run down in the leaf that is 
eventually recognised as senescence. The final process of 
senescence is the shedding of the leaf. 
d. Light Effects on Photosynthesis 
While carbon production per unit of leaf area seemed to be 
unchanged by any of the variables in this study except leaf age 
(Fig. 3-1, Table 3-3), carbon production per leaf was strongly 
influenced by experiment and leaf position on the plant through 
effects on leaf size. In experiment 3-3, leaves were smaller and 
expanded more slowly (Table 3-3); therefore at any age their carbon 
production per leaf per s was less than in experiment 3-2. However 
this lower rate of carbon production per leaf per s was compensated 
for by longer days and higher irradiances in experiment 3-3. 
Whether leaf area was regulated to match carbon production with 
plant sink requirement as determined by one constant growth 
temperature, or whether it was chance that carbon production was 
similar in the two experiments is a matter for conjecture, but the 
results do emphasise the constancy .of F per unit leaf area. 
max 
Leaves grown during winter had lower specific leaf weight, 
an effect of light reported previously e.g. Blackman (1956) with 
sunflower and Van Volkenburgh and Davies (1977) and Patterson et al. 
(1977, 1978) with cotton. The values of Rd for expanding leaves 
are similar to those reported by Ludwig et gl. (1965), but lower 
than those of Hesketh et al. (1971) by up to 50%, · who measured Rd 
on detached leaves. Published rates of Rd for mature leaves vary 
little from this data (Ludwig et al. 1965; Baker and Hesketh 1969; 
Hesketh et al. 1971). 
A common analysis of Rd presents it with two components: 
a) maintenance respiration (R ) ' a m function of dry weight, and (b) 
growth respiration (R ) ' g a function of growth (McCree 1970; 
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Penning _de Vries 1972) • However Rd in these experiments tended to 
decline with leaf age, even after full expansion (Fig. 3-2), 
indicating that R 
m 
based on dry weight was not constant. It 
averaged 0.4 ngco 2 
12 h of darkness). 
-1 
ng s -1 (or 0.012 g -1 of dry weight g per 
The continued decline in Rd is consistent with 
the proposal that nitrogen is being withdrawn from leaves, or that 
protein synthesis costs energy, and Barnes and Hole (1978) have 
suggested that R may be more accurately predicted on the basis of 
m 
protein content rather than dry weight. 
The magnitude and shape of the light response curves for 
young, fully expanded leaves was similar to the single curve 
published by Pasternak and Wilson (1973) but different from both the 
'high F' and 'low F' cotton leaves presented by El-Sharkawy et al. 
(1965), who did not get light saturation in 'high F' leaves. 
Compared with young leaves at 
and F . 
max 
By contrast ageing 
Fmax so that light saturation 
The light response curves for 
A expanding leaves had lower <:I:. 
ma~' 
leaves had unchanged o{ but lower 
occurred at lower flux densities. 
these older leaves is probably a 
consequence of the low light experienced by these leaves due to 
shading, as the light flux density on 70 day old leaves in the 
glasshouse was 15% of sunlight at the top of the canopy. Similar 
leaves in field grown plants would only receive about 5% of full 
sunlight, assuming a light extin~tion coefficient of 1.0 (Saeki 
1963). This aspect of light interception would explain the 
difference in F for 60 to 70 day old leaves between these 
max 
glasshouse data and that presented by Elmore et al. (1967) for field 
plants. 
It was noteworthy that the light ~esponse curves were 
similar for the two experiments (Fig. 3-6), whereas some experiments 
with cotton have shown differences in F with plants grown 
max 
during different seasons (El-Sharkawy and Hesketh 1964b; El-
Sharkawy et al. 1965; Muramoto et al. 1965). Different light 
responses for many species of plants conditioned to high or low 
light have been shown by Ludlow and Wilson (1971a) and Ludlow and Ng 
(1976), where lower light 
plants grown in low light. 
saturation and F are evident in 
max 
This response was evident in these data 
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only as~ (a) a higher leaf area (Table 3-3) and lower specific leaf 
weight for winter grown plants and (b) lower light saturation and 
F for ageing leaves which were also shaded by competition 
max 
(Fig.3-1). These results support the conclusion of Ludlow and Ng 
(1976) who found that light response curves were similar for leaves 
as long as light intensity during leaf growth exceeded 100 W m - 2 , 
as the light conditions for both experiments were above this level. 
E. Carbon Budget for a Cotton Leaf 
The purpose of this section is to calculate the potential 
net export/import of a cotton leaf as it expands and ages using the 
patterns established in experiments 3-2 and 3-3. The procedure is 
to calculate the daily carbon gain by net photosynthesis and then 
subtract the daily growth and dark respiration. 
1. Components of the budget 
a. Net photosynthesis 
Given the light response curve (equation 2-15) and assuming 
that the pattern of light during the day follows a sine curve as in 
Rorie and Udagawa (1971): 
where I 
peak I 
is photosynthetically active radiation at time t, I the 
max 
at solar noon, sunrise and sunset. Substituting 
this equation into equation 2-15 and integrating over the daylight 
hours gives the following: 
(3-2) 
where zf is an empirical expression relating the solution of a 
complex integral involving and I 
max with Bessel functions (see 
Appendix I for a full solution). If Rd and F are in ngC0 2 
-2 -1 max 
o{ in ngco 2 cm 
-2 
_>AE m-2)-1, I in pE cm s , 
-2 -1 max 
m s and t in hours, equation 3-2 is divided by 1018.5 to give 
r 
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the daily photosynthesis in mg carbon -2 cm . The pat terns of Rd, 
F , and d.. with leaf age are shown in Figures 3-1, 3-2 and 3-6. 
max 
b. Respiration 
The total dark respiration for the night is 
C• Leaf growth 
-2 -1 
mg carbon cm d (3-3) 
The method of describing the pattern of leaf expansion has 
been outlined in the General methods. An example of leaf expansion 
appears in Figure 3-8, showing a peak rate of expansion of 8.4% 
the leaf grew at an average of -1 day 4.3. In this example d on 
5.6% d-l for 16.9 days. 
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DAYS FROM LEAF UNFOLDING 
Figure 3-8. Expansion of mainstem leaf 9 from experiment 
3-3. Pooled data from ten plants. Fitted curve as 
outlined in general methods. 
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The increase in specific leaf weight ( SLW) was assumed to 
occur over the same time as leaf expansion in the following manner: 
SLW 1·5 = 3.0 + 3.4(1.0-exp(-C X )) mg (dw) -2 cm (3-4) 
where C is the same as in leaf expansion from equation 2-1. This 
-2 pattern gave a leaf with SLW of 3.0 mg cm on the day of 
unfolding, increasing to 6.4 mg cm-2 at the completion of leaf 
expansion. Dry matter was assumed to be 40% carbon throughout 
(Iwaki 1958; Ho 1976; Herridge and Pate 1977). The total growth 
(G) of the leaf was the increase in area (AL) and SLW: 
-1 
mg d (3-5) 
d. Mutual shading 
Light at a leaf at its angle of inclination was measured 
with a quantum sensor on three occasions in the glasshouse. All 
plants were measured, including those on the border. A summary of 
the data is shown in Table 3-5. Considering the total leaf area and 
plant spacing in these conditions, the values are consistent with a 
light extinction coefficient of 1. O, as also found in phytotron 
canopies by Ludwig et al. (1965). A fitted curve from the data in 
Table 3-5 makes allowance for leaf .age (X) and node position (N) in 
Experiment 
3-3 
9-2 
Table 3-5. Effects of leaf node position and 
leaf age on light interception (%I). 
Measured as the percentage of incident 
(horizontal) light to the centre of the leaf 
blade at its angle of display. Measurements 
made at varying times from lOOQ h to 1400 h with 
a quantum sensor. Each value is the mean of at 
least 20 leaves. 
Node 
5 
9 
13 
7 
Leaf Age 
55 
60 
38 
43 
21 
26 
57 
%I 
15 
24 
51 
54 
81 
83 
19 
44 
that aS- lower leaves age they are progressively shaded, whereas 
upper leaves are always in full light. 
%I=exp(4.711-0.00068X2-0.00528N+0.000034X2N) (3-6) 
It was simpler at this stage to use this empirical expression, 
rather than calculate the total leaf area above each position before 
determining light penetration. The area above each leaf will be 
used in simulation in section 10 of this thesis. 
e. Calculated net export 
The following equation was used to estimate net carbon 
export for each day in the life of a leaf: 
Export = ( AL (LF - I.R)) - G -1 mg carbon d (3-7) 
These budgets are retrospective calculations of carbon production 
for plants grown at controlled temperature and adequate water and 
nutritional levels. They the ref ore do not constitute a model in 
this form. These approaches are used in a simulation model in a 
later section. 
2. Results of leaf budget 
Figure 3-9 shows the calculated daily photosynthesis, dark 
respiration and growth for a leaf with A of 100 cm2 at node 7 
max 
as it expands and ages. The three diurnal light patterns in this 
figure represent the range of light conditions experienced by these 
plants: 
-2 -1 
m s , 
Ll represents a cloudy day with 
L3 a clear day with I 2000 uE 
max / 
I of 
max 
-2 -1 
m s 
730 
and 12 h 
daylength, while L2 is intermediate. Maximum carbon requirement for 
leaf growth was at 7 to 8 days after unfolding, coinciding with when 
the leaf became a net carbon exporter. The maximum use of carbon 
for dark respiration was at 12 to 15 days, but the amount of carbon 
was small compared to daytime production. Declining export after 
day 25 was due to decreasing photosynthesis (ageing and mutual 
shading) and occurred despite decreasing dark respiration and nil 
growth. 
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DAYS FROM LEAF UNFOLDING 
Figure 3-9. Daily net photosynthesis, dark respiration, 
leaf growth and the resulting potential net export of 
mainstem leaf 7 (100 cm2) as affected by leaf age. 
Note the change in scale for dark respiration and 
growth. 11, 12 and L3 are three diurnal light 
patterns giving 19, 24 and 
1
54 E m-2d-l 
respectively. 
Peak export was at 23 to 25 days, with up to 1 mg carbon 
-2 -1 
cm d being produced, equivalent to 39% of the S1W. The leaf 
is still a net nitrogen importer up to 20 days (Thompson et al. 
1976). 
leaf. 
Hopkinson (1964) recognised four stages in the life of a 
These stages and their approximate duration in experiments 
3-2 and 3-3 were as follows: 
a. Carbon and mineral import - from initiation until about day 
7. 
b. Carbon export and mineral import - from 7 to 23 days. 
c. Declining carbon export and mineral export - from 23 to 70 
days. 
d. Senescence. From these and subsequent experiments the leaf 
was observed to be about 7 5 days old when shed. It was 
difficult to study the gas exchange of senescing leaves as 
they tended to break off when placed in the gas exchange 
chamber. 
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_ The calculated response to light of a 25 day old leaf at 
node 7 as modified by varying daylength and I is max 
Figure 3-10. There was a response to daylength 
shown in 
because of 
the increased photosynthesis 
increasing I above 1200 }1E 
in the morning 
-2 -1 
m s is above 
and afternoon; 
saturation (Fig. 
3-5). The shape of these curves are similar to the instantaneous 
light response except for this effect. The leaf requires only 4.5 E 
m-
2d-l to be a net b t d Th· t f car on expor er over a ay. is amoun o 
light can be achieved by a 10 h day with I of 200 uE m-
2
s-
1
• 
max 1 
120 14 
100 
CJ' 80 
E 
>-
< 0 
a: 
w 60 Cl.. 
LL 
< w 
_J 
a: 
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INTEGRATED LIGHT E m-2d_, 
Figure 3-10. Calculated potential net carbon export 
of a 25 day old cotton mainstem leaf 7 (100 cm2) as 
influenced by daily light at three daylengths - 10, 
12 and 14 h. 
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F and 
max 
Changes in will markedly affect the 
calculated carbon production, so it is important that these values 
be correct. There are two important aspects of assimilation that 
have not been considered here. Dark respiration values were those 
recorded at 0400 h, but if there is fluctuation in these values 
during the night, the total respiration may be different. Later 
experiments use dark respiration values averaged over the hours of 
darkness to 
during the 
avoid 
day will 
this 
have 
problem. 
an even 
Secondly, variation in F 
max 
larger effect. The mean F 
max 
values reported here included values from all times of the day and 
they are therefore considered representative. Baker (1965) noted an 
effect where F · at 1000 h was greater than at 1400 h, even when 
max 
water relations were considered. 
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SECTION 4. GAS EXCHANGE CHARACTERISTICS OF 
SUNFLOWER LEAVES AS INFLUENCED BY 
LEAF AGE AND NODE POSITION 
Net photosynthesis 
A. Summary 
(F ) dark respiration (Rd) and 
max' 
response to light were measured on two sunflower hybrids. Leaves at 
four positions on the plant were examined from the beginning of 
their expansion until 60 days later. F 
max 
was unchanged with leaf 
position, and in all leaves 
was attained when a leaf was 
peak F 
max 
10-12 days 
of 
old, 
-2 -1 134 ngco 2 cm s 
when the leaf was 
50-80% of maximum area. This F was maintained for about 10 
max 
days before declining to values 50% of the peak at 60 days of age. 
Oldest leaves were light saturated at 600 j1E 
but leaves 
-2 -1 
close to full expansion were saturated near 
-2 -1 
m s , 
2000 )1E 
m s • The initial slope of 
-2 
a light response 
m-2)-l throughout 
curve was 
of constant at 0.25 cm yiE the life 
a leaf. Dark respiration was greatest in young leaves. 
The results are discussed and compared with similar 
experiments on cotton. 
B. Introduction 
The main species of interest in this project is cotton. As 
outlined earlier, cotton is very complex in the timing and pattern 
of fruit development, with vegetative and reproductive sinks growing 
at the same time. In this regard cotton is ti:uly indeterminate. 
Predicting carbon production and distribution requires an under-
standing of competition between vegetative and reproductive sinks. 
Leonard (1962) has highlighted the complex inter- relationships 
between vegetative and reproductive growth in indeterminate plants. 
In determinate plants the inflorescence utilises the apical meristem 
and so arrests stem elongation, whereas in indeterminate plants stem 
elongation continues until fruit demand utilises all available 
assimilate (Austin 1935). 
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'Dlis experiment was designed to measure gas exchange 
characteristics of sunflower so that its carbon budgeting could be 
compared with that of cotton. Sunflower is a somewhat simpler 
system, with the modern cultivated form consisting of a single 
mainstem and head. Although the head itself is complex, comprising 
capitulum, bracts and many seeds, it will be considered as a single 
fruit. Net photosynthesis, transpiration, dark respiration and 
light response were done on four leaf positions on two commercial 
hybrids. 
c. Methods 
Experimental material was sown on 6 March 1979, in 30 kg 
containers. There were 32 containers each of the two commercial 
hybrids Suncross 51 and Suncross 52. Gas exchange measurements were 
made using the same equipment and methods as described in Section 
3. Leaf positions 7, 11, 15 and 21 were studied from as soon as the 
leaf could be fitted into the assimilation chamber and concluded up 
to 60 days later. Light responses were measured mainly in the early 
hybrid Suncross 51. Since there is no definitive date of leaf 
unfolding in sunflower, leaf age was measured as days since the leaf 
5 2 . was cm in area. 
D. Results 
1. Changes in area per leaf and gas exchange with leaf position 
The largest leaves were at positions 11 and 15 in Suncross 
51 and at leaves 15 and 21 in Suncross 52 (Table 4-1), with higher 
and lower positions having smaller leaves. The increase in leaf 
size within a cultivar was due to faster rates of daily expansion, 
since there were only small differences between leaves in duration 
of expansion, with a trend to increasing duration for higher leaves. 
In Suncross 51, leaf 11 had slightly (11%-P(O.Ol) higher 
rates of light saturated net photosynthesis (Fmax) than other 
leaves. In Suncross 52, there were no significant differences 
between leaf positions, but the values were always less than in 
Suncross 51. 
Hybrid 
Suncross 51 
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Table 4-1. Growth and net photosynthesis of 
sunflower leaves at different nodes for two 
hybrids. Values presented are final leaf 
area (Anax), days from 5% to 95% of Amax 
(Duration) and average rate of expansion over 
this period (Rate). Net photosynthesis at 200Q 
;:E m-2s-l (Fmax) was averaged for leaves 
5 to 22 days old. 
Leaf 
7 
11 
15 
21 
Amax 
2 
cm 
119 + 4 
174 + 14 
169 + 23 
121 + 17 
Duration 
d 
13.6 
15.8 
16.0 
17.7 
Rate 
2 -1 
cm d 
8.3 
10.4 
10.1 
6.0 
Fmax 
ngC0 2 
-2 
cm 
-1 
s 
143 + 2 
149 + 7 
144 + 8 
135 + 2 
Suncross 52 7 134 + 3 17.9 7.1 123 + 3 
11 206 + 6 17.5 11.2 125 + 4 
15 276 + 12 19.8 13.2 129 + 4 
21 276 + 27 22.0 11.9 122 + 4 
2. Changes in gas exchange with leaf age 
F increased rapidly in the first 6 days after the 5 cm max 
stage (taken as day O) (Fig. 4-1). Between 6 and 23 days, F 
max 
160 
140 
_ 120 
7 
CJ') 
';" 100 5 • 
N X 
O 80 • u 
en 
C 
- 60 X .ft. 
~ 
LLE 
40 
20 
(a) 
X 
I 
• 
0 
0 
• 
• Ai.. 
• 
X e 
• 
• X 
(b) 
0 0 
• 
e . O.tt. 
.,.c;; • 
• • 
X 
• 
·~ ~ X It. ~ Oo X 
•• • • 
0 
• • 
• X 
0 • £ X e X • 
•x 
X 
• 
• 
0 .....__...__ _ _.__ _ __.___........_ _ _..__ _ ___. 
0 10 20 30 40 50 60 0 10 20 30 40 50 6 0 
LEAF AGE (days) 
Figure 4-1. Sunflower net photosynthesis (Fmax) at 
2000 pE m-2s-1 as influenced by leaf age. 
Symbols: 0 - leaf 7, x - leaf 11, - leaf 15 and 
- leaf 21. Each point is the mean of two to e i ght 
leaves. (a) Suncross 51. (b) Suncross 52. Arrows 
denote the time of maximum leaf area. 
2. 
51 
was relattvely constant but thereafter declined at rates of 1.2-2.0 
ngC0
2 
cm-2s-ld-l, such that at 60 days the values were about 
50% of peak rates. 
pattern 
-2 -1 
cm s 
Transpiration changes with leaf age followed a similar 
to F 
max 
(Fig. 4-2), reaching values of 18 pgH20 
at 10 days, then declining to about 60% of these values 
at 60 days. 
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Figure 4-2. Sunflower transpiration (Q) at 2000 
pE m-2s-l as influenced by leaf age. Pooled data 
of Suncross 51 and Suncross 52, all leaf positions 
averaged. 
Rates of dark respiration (Rd) declined as a leaf aged 
(Fig. 4-3). A leaf at age O had rates about four times that from 30 
d later, where the values levelled out to about -1.7 ngco 2 
-2 -1 cm s . 
The influence of 
was small (Fig. 
leaf age on internal CO 2 
4-4) . c1 averaged 223 
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Figure 4-3. Sunflower dark respiration (Rd) as 
260 
influenced by leaf age. Symbols as in Fig . 4-2. 
E1uation for curve: Y=l.71 + 4.92 exp (-0.0805X); R = 0.72. 
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Figure 4-4. Sunflower intercellular CO2 concentration 
(Ci) at 2000 pE m-2s-l and 330 pl 1-lco2, 
as influenced by leaf age. Symbols as in Fig. 4-2. 
Equation for line: Y=212+0.40X; r2=o.37. 
60 
53 
(s.d. 22, n=52), but there was an increasing trend with age, with a 
regression: Ci= 212 + 0.40 x age; r 2=0.37**· 
3. Light Response 
Light response curves for different age classes of leaves 
in Suncross 51 are shown in Figure 4-5. The response pattern for 
leaves 5 to 22 d of age were similar, although there was consider-
able spread in the data as seen in Fig. 4-5a, where the 140 data 
points used to establish the curve are shown. Either side of this 
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Figure 4-5. The response of net photosynthesis (F ) 
to irradiance of sunflower leaves of different ages 
from Suncross 51. (a) Absolute values. (b) Relative 
values. Individual data points are shown for leaves 
between 5 and 22 days old to demonstrate the 
variation in the leaf material. Other data points 
omitted for clarity. 
age class the F was decreased (see 
max also Fig. 4-1). Ageing also 
(Fig. 4-Sb), as young leaves 
but the oldest leaves were 
consequence of these light 
lowered the point of light saturation 
were not saturated at 1800 pE m - 2s -l, 
saturated at 600 pE m-Zs-1 . As a 
responses, the light compensation point (where F=O) ranged between 
-2 -1 10 and 2 0 pE m s . 
The initial slope of the light response curve was constant 
throughout the life of the leaf (Fig. 4-6), with a mean value of 
-2 -2 -1 -1 0.25 ngco 2 cm CpE m ) + 0.01 (0.057 moles co 2 E ). 
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Figure 4-6. The initial slope of light response curves 
((X) of sunflower leaves as influenced by leaf age. 
Symbols: - Suncross 51, 0 - Suncross 52. s.e. 
denotes the standard erron. 
E. Discussion 
In section 3 leaf ageing was discussed in detail. The 
purpose of this experiment was to measure the gas exchange of 
sunflower leaves as they expanded and aged for comparison with 
cotton. Although the container size and light conditions differed, 
all other procedures and equipment were identical. 
a. Light saturated net 
in sunflower than in cotton 
photosynthesis (F ) was 24% higher 
max 
for recently fully expanded leaves. 
Similar differences existed for dark respiration. The difference 
between species has been widely reported for gas exchange 
(El-Sharkawy and Hesketh 1964b, 1965; Hesketh 1968; Mauney et al. 
1978) and for net assimilation rate (Muramoto et al. 1965; Rajan et 
al. 1973). The results from the current experiments indicate that 
the superiority of sunflower was due equally to stomatal and 
internal factors, since 
-1 pl co21 . Thus on 
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C. was the same in both species at 220-223 
l 
an individual leaf basis the water use 
efficiency of the two species was the same. Furthermore, in both 
species there was a decline in water use efficiency as a leaf aged, 
although this effect was quite small. 
b. The species had similar patterns of F and trans-
r max 
piration with leaf age, with peak rates occuring just before full 
I\ 
expansion, remaining relatively constant for about 10 days, and then 
declining by 1-2% per day thereafter. This general pattern of 
F has been reported by Rorie and Udagawa (1971) and English et 
max 
al. (1979). The increase in F with leaf age was more rapid in 
max 
sunflower, with near peak rates being achieved by age 5 days. In 
cotton this time was nearer to 10 days. This better performance in 
sunflower was correlated with: (i) No change in the initial slope 
of the light response curve (~) with age, whereas in cot ton c( was 
very low for a young leaf. For fully expanded leaves o( was 
identical in both species at 0.25 ngco 2 
-2 
cm (pE m-2)-1 or 
0.057 moleco2 E 
-1 
on an incident light basis. This value of 
is very similar to that found by Ehleringer and Bjorkman (1977), 
Watson et al. (1978) and Ludlow (1981) for other C3 species. (ii) 
No apparent change in specific leaf weight (SLW) with age, whereas 
in cotton SLW was about half of maximum values at unfolding. The 
actual SLW for sunflower was about 3 mg(dw) cm-2 less than · for 
cotton although this parameter changes with light conditions in both 
species. 
c. In both species, the light compensation point and light 
saturation point at least halved in the 30 days after full leaf 
expansion. 
d. Largest leaves were in the middle region of the plant in 
both species. The mechanism causing this pattern is complex, but 
lower leaves are initiated and are expanding during a time of 
relative assimilate shortage (small plants). Upper leaves are 
expanding at the same time as reproductive parts, so assimilates are 
being diverted to many types of sinks. Thus the leaves in the 
middle of the plant are initiated at a time when there is little 
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competition with other sinks. Stress and relief of stress can 
modify this profile of leaf size (see section 6 for cotton and 
Rawson and Turner (1982) for sunflower). 
e. As with cotton, there was circumstantial evidence that sink 
demand did not influence F 
max 
since the proximity and timing of 
grain fill did not change the pattern of F with age. Leaf 21 
max 
was 8 days old in Suncross 51 at about the time of anthesis so the 
carbon exported from this leaf after this time was probably consumed 
by the head (Mc William et al, 1977), yet the pattern of F did 
max 
not depart from the pattern establishea by the earlier leaves. At 
this time, leaf 7 was more than 30 days old. Since Suncross 52 was 
later in maturity and had more leaves, leaf 21 was 20 days old at 
anthesis. 
pattern. 
.Again there was no clear departure from the standard 
Therefore in sunflower also, the reproductive parts are 
being grown at a time of declining carbon fixation. 
( 
r 
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SECTION 5. GAS EXCHANGE OF INTACT COTTON 
FLOWER BUDS AND BOLLS 
A. Summary 
Light 
respiration 
saturated net photosynthesis 
and transpiration of intact 
(Fmax), 
cotton 
dark 
fruit 
(including bracts) were measured from before flowering until fruit 
maturity. 
F 
max 
and Rd were greatest for young flower buds 
(squares) and decreased linearly to 10 days after anthesis. 
Thereafter Rd remained constant at about -350 co2g 
-1 (dry ng 
Wt) S- 1 , b f d l' . e ore ec 1n1ng to near zero by boll burst. F was 
max 
negative by 20 days after anthesis, but approached zero by boll 
burst. The day before anthesis and the day of anthesis were periods 
of high respiration, with a maximum value of about -3600 ng CO 2 
-1 -1 g s • The rate of transpiration showed a similar pattern to 
Fmax' decreasing rapidly up to 10 days after anthesis, then 
declining more slowly to near zero by boll burst. The peak fluxes 
of water vapour and CO2 for squares (pn a dry weight basis) were 
about 10% of those for leaves, but values of water use efficiency 
were similar in the light. 
A carbon budget for cotton fruit showed that the bracts of 
young squares can produce up to 50% of square requirements for 
growth and respiration. For bolls, only about 8% of their 
requirements are fixed by the boll wall and bracts. 
It was calculated that 
g-ld-l and the 
fruit maintenance respiration 
averaged 0.008 g efficiency of 
-1 photosynthate into fruit dry matter averaged 0.8 g g 
B. Introduction 
conversion of 
Yield in cotton is largely determined by the number of 
mature bolls produced per unit of land. As only 25% of each plant's 
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fruitin& sites commonly produce mature bolls, the study of factors 
influencing the production and retention of fruit is important. 
Shedding of fruit results particularly from water stress (McMichael 
et al. 1973) and after periods of cloudy weather or experimental 
shading ( Guinn 197 4). It may be surmised, therefore, that these 
environmental variables induce shedding by reducing the amount of 
carbon available for growth at the fruiting sites. While much of 
this carbon is likely to be fixed by leaves, a proportion may be 
fixed by the fruits themselves. To what degree the young fruit are 
autonomous is not clear on current evidence because photosynthesis 
data are limited and published ~ates of fruit respiration vary more 
than two-fold. Furthermore, many of the measurements have been made 
on detached organs (e.g. Hesketh et al. 1971; Baker et al. 1972). 
Thus, paucity of data makes the testing of the hypothesis, which 
relates fruit shedding to carbon availability rather difficult. 
As a step towards examining this hypothesis, this section 
gives details of the carbon budget of cotton fruit from 3 weeks 
before they flower until boll maturity 8 weeks later. Using data 
from section 3 which examined assimilation patterns of cotton leaves 
it also compares the carbon and water use ·efficiency of fruits and 
leaves . 
c. Methods 
Gas exchange of bolls was measured in water jacketed leaf 
chambers with air flow rates of 10 litres min -l. For squares, 
chambers were constructed from 
Polypropylene Propafilm C ( ICI) 
2. 5 cm diameter perspex 
and a flow of 3 litres 
tube 
. -1 
min 
and 
was 
used. For each fruit age, dark respiration of at least two 
replications was measured continuously all night. · Data presented 
are the average of spot determinations made at least every 2 h of 
darkness. For the fruit ages with data points in Fig. 5-4 , the 
response to light was measured. In most cases a further four 
1 · t · d at 16 0 0 uE m-2 s - l · · i rep 1ca ions were ma e 
I 
to give six est mates 
of light saturated gas exchange. After measurement, each individual 
fruit was removed, dried and weighed. Bolls older than 20 days 
59 
(after anthesis) were separated into three components: bracts plus 
boll wall, fuzzy seed and lint. 
Air temperature was maintained at 25°c in the chambers, 
and fruit temperature as measured by thermocouples averaged 25. 8 + 
1.2°c at night and 29.4 + 1.9°c at 1600 fE m-2s-1 • Vapour 
pressure difference between fruit and air (VPD) averaged 1.65 + 0.33 
-2 -1 kPa at night and 2.79 + 0.49 kPa at 1600 fE m s • 
D. Results and Discussion 
1. Fruit dry weight 
Fig. 5-1 shows the dry weight of the fruit used in the 
measurements. For squares'(fruit before anthesis - Fig. 5-la), the 
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Figure 5-1. The pattern of dry matter increase of (a) 
cotton squares - fruit before flowering (lnY=-0.986+ 
0.131X; r=0.83) and (b) bolls fruit after 
flowering (Y=0.37+8.02(1-exp(-0.00106X2)); R2= 
0.98). Weight of lint and seed cotton are also shown 
in (b). Each point is the mean of up to six 
replicates. 
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curve was fitted through the logarithm of dry weight, giving maximum 
rates of growth before anthesis of 0.043g dry weight d-l. Dry 
weight of bolls (fruit after flowering) reached 8.3 + 0.2g by boll 
burst (Fig. 5-lb), with maximum rate of growth 22 days after 
-1 
anthesis of O. 23g d . The final boll dry weight was divided into 
19% for the bracts and boll wall, 46% for the fuzzy seeds (average 
of 34 seeds per boll) and 35% as lint. The dry weight of bracts and 
boll wall declined from 2.22 + 0.15g to 1.48 + 0.07g between day 20 
and day 60. 
2. Dark respiration (Rd.L.!. net photosynthesis (Fmax-) __ a_n_d_ 
transpiration of fruit 
Both Rd and F were 
max 
greatest for young squares: 
rates declined rapidly with fruit age to 10 days after anthesis 
(Fig. 5-2). By 20 days after anthesis F was zero, subsequently 
max 
becoming negative, but returned close to 
respiration was relatively constant at 
zero 
-350 
by boll burst. 
-1 -1 
ng CO 2 g s 
Dark 
from 
day 10 to day 40, then declined to near zero by boll burst. The day 
before anthesis and the day of anthesis were periods of high 
respiration in both the dark and in the light. This was 
particularly so on the morning a f low'er opened, where Fmax values 
were as low as -3600 ng CO 2 g-ls-
1
• (Fig. 5-3). On the day 
after flowering, Rd and F values returned to the pattern 
max 
established three days earlier. 
The initial slope of the light response curve (o() for fruit 
also showed a rapid decline with age (Fig. 5-4), and the rate of 
decline was most rapid up to 10 days after anthesis. Therefore the 
light compensation point 
squares and increased to 
was about 
about 600 pE 
SO pE_ 
-2 -1 
m s 
m- 2s-l for young 
for · bolls 10 days 
after anthesis. Bolls greater than 20 days old showed a net loss of 
CO 2 at light saturation (Fig. 5-2). 
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Figure 5-2. The effect of fruit age on dark respiration 
(Ra; • , • , • ) and light-saturated net CO2 exchange 
(Fmax; O, t:,. , o ). Each point represents the mean of two 
to six replicates. Different symbols refer to plants grown 
at different times of the year. 
Regressions: 
Rd=ss1-32.ox+o.979x2-o.oo626x3-o.oooo69x4; R2=0.91 
Fmax = 866-78.SX; r2=0.98, for X ( 10 
Fmax = 302-20.7X+0.2689X2; R2=0.84, for X 'J' 10 
(all regressions omit data for X=-1 and X=O). 
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Figure 5-4. The effect of fruit age on the initial 
slope of the net CO2 exchange response to light 
(o(). Regressions: 
0( = 7.42 - l.73X; r2 = 0.88, for X L... 10 
o( = 1.98 - 0.03X; r2 = 0.83, for X ~ 10 
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Fig. 5-5 shows the pattern of transpiration in the dark and 
at light saturation. Water loss (per gram dry weight) declined as 
the fruit aged, particularly up to 10 days after anthesis; it was 
barely measurable by boll burst. Using the values in Fig. 5-5 
(which are at constant VPD), the peak rate of water use for a fruit 
was 5.4g H
2
o d-l (24 h) for a 30 day-old boll. A square 10 days 
before anthesis used 1.6g H2o d-l. 
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Figure 5-5. The effect of fruit age on transpiration (Q) 
in the dark ( • , • ) and at 1600 pE m-2s-l (0, 0 ) • 
Different symbols refer to plants grown at different times. 
Regressions: 
In dark, 
Q = 49.4-4.15X; r2 = 0.67, for X ( 10 
Q = 10.2-0.17X; r2 = 0.21, for X ~ 10 
In light, 
Q = 172-10.3X; r2 = 0.83, for X ( 14 
Q = 36.0-0.60X; r2 = 0.83, for X ~ 14 
1. 
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3. -Calculation of carbon import by fruit 
Differentiation of the empirical curves fitted to the dry 
weight data (Figure 5-1) gives the daily growth of fruit ( W). 
Exponential growth was assumed for squares (Hesketh et al. 1971) 
even though the dry weight data did not allow a distinction between 
this and linear growth. Figure 5-6 shows data from a subsequent 
experiment confirming that square growth was exponential. Using 
procedures and light levels described earlier, the daily carbon 
import by the fruit was derived by subtracting daily growth and 
respiration from daily net photosynthesis. Allowance wa s made for 
progressively increased shading of fruit by leaves as the fruit 
aged. In the calculations, fruit dry matter was assumed to be 40% 
carbon and the units used were mg carbon per fruit per day. 
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Figure 5-6 The pattern of dry weight increase of cotton 
squares from experiment 7-2 (lnY=-0.634+o.1104X; r2 = 
0.66). Each point is one fruit. 
65 
_ Figure 5-7 shows the calculated daily carbon import to 
cotton fruit that grow in the manner of Fig. 5-1 and have the 
pat terns of ~ and F 
max 
shown in Fig. 5-2. The main conclusion 
is that at no stage was the fruit independent with respect to 
carbon, but young squares came closest to carbon autonomy• For 
example, the bracts of a square 20 days prior to anthesis could fix 
50% of the carbon required by the square on a 24 h basis, but the 
amount of carbon required is relatively small. This percentage 
declines as the fruit grows larger and more rapidly such that for a 
boll with a major requirement for growth, the carbon fixed by the 
boll wall and bracts is only about 8% of its daily requirement (Fig. 
5-7b), although the absolute amount reached up to 14 mg carbon per 
day. The day of flowering constituted a break in this continuous 
pattern with fruit ageing: due to the high rate of respiration at 
flowering, 34 mg carbon would have to be imported on that day (see 
Baker and Hesketh (1969) for supporting data). 
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Figure 5-7 Calculated daily dark respiration (I.Ra), net 
CO2 exchange during the day (lP), growth (~W) and the 
resulting import (M) for (a) squares and (b) bolls. 
Negative values denotes respiration, growth requirements or 
import to the fruit. 
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-The calculated 8% contribution of the bracts to the carbon 
balance of a boll compares well with the 5-10% contribution measured 
by Benedict and Kohel (1975) and the conclusion by Brown (1968), 
Ashley (1972) and Elmore (1973) that the contribution by bracts is 
small. These workers all found that the boll wall did not 
contribute to boll growth. However Morris (1965) in shading 
experiments concluded that both the bracts and boll wall contribute 
to the growth of fibres. The decline in boll wall dry weight has 
been noted by other workers, and has been postulated as the 
relocation of carbohydrates tp seed and lint ( review by Mutsaers 
1976; Marani 
withdrawal of 
1979). However respiration of the boll wall and 
nutrients (Leffler and Tubertini 1976), could also 
account for some of this loss. 
Sambo et al. (1977) found the CO 2 fixed by a pea fruit 
was 4% of the total import, a similar figure to that calculated 
here. They pointed out another important characteristic of fruit 
gas exchange: 50-70% of the respira~ion of import from the leaves 
was refixed by photosynthesis by that fruit. There is no reason why 
this would not be the case in cotton also. 
In absolute terms, these calculations showed that the 
bracts contributed 34 mg carbon to the total 120 mg carbon dry 
weight gained by a square in the· 20 days before anthesis. The 
balance required for growth and respiration in this period and 
supplied by import, was 123 mg carbon, equivalent to 1.03 times the 
dry weight gain. For a boll, the total import between anthesis and 
boll burst was 4.2g carbon or 1.26 times the final dry weight of 
3. 33g carbon. This figure is only 6% less than the estimate of 
Mutsaers (1976) but 20% and 45% less than the calculations of 
Hesketh et al. (1971) and Baker and Hesketh (1969) · respectively, 
where Rd was measured on detached bolls. 
4. Comparison of leaf and square assimilation 
The fruit makes a significant contribution to its own 
carbon budget. However on a per unit weight basis, leaves are 
capable of much more assimilation than fruit. In the following 
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comparis.on, data for leaves are drawn from section 3 in which gas 
exchange was measured on plants raised under similar conditions to 
the current study and the same apparatus was used. The basis for 
comparison is a 20 day old leaf with a specific leaf weight of 6.4 
mg (dry weight) cm -z and a square 12 days before anthesis: at 
these ages both organs had peak fluxes of CO 2 and water vapour. 
ng CO 2 
a. Light saturated net photosynthesis of 
-2 -1 
cm s (or 17188 ng co2 g (dry 
a leaf was 110 
-1 -1 
weight) s ), 
which is ten times the ra~e for a square (Fig. 5-2). Elmore (1973) 
found that the boll wall and bracts had only 7 and 36% of the 
chlorophyll content of leaf tissue on a fresh weight basis, and this 
could be one factor limiting photosynthesis. Table 5-1 shows this 
chlorophyll data and stomatal frequencies of bracts, boll walls and 
leaves from three sources. It appears that the outer surf ace of 
bracts has at least as many stomates as the upper leaf surface, 
while the inner surface and boll wall have relatively few stomates. 
The leaf stomatal frequencies reported by Elmore (1973) appear to be 
very low (1/3), compared to other reports, which are very similar to 
the unpublished data of Turner (Patterson et al. 1977; Van 
Volkenburgh and Davies 1977; Nagarajah 1978). The ref ore stomatal 
frequency is also correlated with poor fruit gas exchange. An 
additional issue with regard to fruit stomates is that they appeared 
to be 'lazy' - as indicated by .their continued transpiration at 
night (see below). 
Table 5-1. Summary of stomatal frequencies 
and chlorophyll content of cotton bracts, 
boll wall and leaves. Key to references 
1 - Brown (1968); 2 - Elmore (1973); 3 -
N.C. Turner (unpublished). 
Plant part and surface Stomates Chlorophyll 
mg per g 
2 
Bract 
Boll wall 
Leaf 
outside 
inside 
outside 
upper 
lower 
number 
1 
121 
19 
38 
per 
2 
113 
40 
44 
27 
72 
nnn2 
3 
120 
40 
67 
108 
222 
0.83 
0.17 
2.28 
I,. 
-1 -1 g s • 
- b. 
The 
Dark respiration 
rate for a square 
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of 
was 
a 
1.7 
leaf 
times 
was 660 ng 
higher (Fig. 
CO 2 
5-2). 
The peak rate of dark respiration of a leaf at four days of age was 
-1 -1 1540 ng co2 g s which is similar to that for squares. 
c. The initial slope of the light response curve for a 
leaf was 39 ng co
2 
g-l (pE m- 2)-l which is 1.5 times higher 
than that for a square (Fig. 5-4). The light compensation point for 
-2 -1 
a square was 50 pE m s , five times higher than for a leaf. 
-2 -1 
cm s 
d. Transpiration per 
kPa -l (984 f' g CO 2 
VPD for 
-1 -1 g s 
a leaf 
-1 kPa ) , 
was 6. 3 )"g 
which is 
times higher than for a square (Fig. 5-5). Consequently, water use 
efficiency of a square in the light was similar to that of a leaf; 
internal concentration in both cases was about 220 pl 
-1 1 . However for an ageing boll the water use efficiency declined 
-1 
and Ci rose to 430 pl 1 • 
e. The ratio between light and dark transpiration was 
12.5:1 for a leaf and only 1.6:1 for a square. Therefore the water 
use efficiency for cotton fruit over 24 his poor when compared to a 
leaf. 
In addition to these comparisons of peak performance, it 
should be stressed that the rate of photosynthesis of a square falls 
rapidly (Fig. 5-2). An ageing leaf still achieved about 50% of peak 
rates 30 days after reaching full expansion. 
5. Estimation of boll respiration components 
Dark respiration (Rd) is commonly partitioned into two 
components: 
respiration 
degradation 
hydrolysed 
(a) Maintenance respiration (R) 
m 
associated with the 
of existing material, 
Growth proteins. (b) 
processes 
including 
respiration 
that part of 
compensating 
re synthesis 
(R ), g the 
for 
of 
evolved during the synthesis of new material (Mccree 1970, 1974; 
Hesketh et al. 1971; Penning de Vries 1972; Thornley and Hesketh 
1972; Horie 1977). Thus Rd can be written as: 
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and these components are commonly estimated from a plot of Rd 
against growth (dW/dt), e.g. as in McCree (1974) and Lambers (1979). 
In the context of the utilisation of an amount of 
assimilate for growth of an organ in simulation studies, the 
respiration components can be used as follows: 
dW/dt = Y (P - (R W)) g m 
where Y is the conversion efficiency of photosynthate supply (P) g 
into dry weight (W) after maintenance respiration has been satisfied 
(Rorie 1977). (This form raises problems for situations where P ( 
R W, but no attempt will be made to cover this situation.) These 
m 
components were estimated from the fruit budget data (Fig. 5-7) 
using least squares regression. It was assumed that respiration in 
the day was equal to that at night and so fruit co2 fixation in 
the light was contributing to P. Note that P is the import (M) 
presented in Fig. 5-7. The results were as follows: 
Fruit stage 
Square 
Young boll 
Old boll 
Pooled 
Fruit age 
days 
-20 to -2 
1 to 30 
31 to 60 
-20 to 60 
Yg Rm 
g g-1 g g-ld-1 
0.750 0.0042 
0.962 0.0140 
0.740 0.0092 
0.813 0.0079 
Both respiration components varied with stage of development of the 
fruit and the high Y for a young boll is surprising, although g 
Role and Barnes (1980) obtained a Y of 0.95 for developing pea g 
pods. A high y g is normally associated wlth a synthesis of 
carbohydrate, rather than protein and oil. As seen in Figure 5-1 
(and also in review by Mutsaers (1976)), the main fraction of boll 
growth in the first 20 days is the boll wall: in the total boll 
weight at 20 days of 3.7 + 0.26 g, 60 + 1.6% of this weight was boll 
wall and bracts. At maturity, the 8.3 + 0.23 g total weight was 
only 18 + 1% boll wall and 48 + 0. 4% seed. The weight of seed 
between day 30 and day 60 increased by 2.6 g (i.e. 2/3 of the total 
seed weight), so the import and production of protein and oil at 
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this time will contribute to the lower y than at the earlier g 
stage. 
The pooled values of y and R obtained for these g m 
cotton bolls are similar to the measured and theoretical values 
reported in the literature (Hesketh et al. 1971; Thornley and 
Hesketh 1972; Mutsaers 1976). Data obtained during a subsequent 
experiment (7-2) are relevant to these calculated components. 
Photosynthesis and respiration were measured on 40 day old bolls in 
three treatments: 1. C.Ontrol, 2. Dry and 3. Defoliated 14 days 
previously. The results of the measurements are shown in Table 
5-2. Rd was reduced in 
comparison of the lowest 
the calculated R value 
m 
confirmation of the low 
defoliated treatment could 
the dry and defoliated treatments 
measured value of 0.006 -1 -1 g g d 
at this stage (0.009) gives 
R 
m 
for a boll. The bolls on 
not have been growing much since 
-
and 
with 
some 
this 
the 
plant reserves would be depleted and the photosynthesis by the boll 
itself could not support the boll requirements. Hunt and Loomis 
(1979) and Hesketh et al. (1980) have tabulated available data on 
Rm and Yg for a range of biological material. The average 
ATTRIBUTE 
Leaf water 
potential 
Boll water 
potential 
Bract area 
Total dry 
weight 
Fmax 
~ 
Table 5-2. Effect of water stress and defoliation 
on net CO2 exchange of 40 day old cotton bolls 
from experiment 7-2. Fma~ is net CO2 
exchange at 1800 pE m-2s-i. Ra is net 
MPa 
MPa 
cm2 
g 
CO2 exchange at night. Mean and standard 
error of eight bolls in wet and dry treatments 
and two bolls in the defoliated treatment. 
WET 
-1.47+0.07 
-0.97+0.09 
43.5+0.7 
6.4+0.4 
TREATMENT 
DRY 
-2.79+0.22 
-2.53+0.15 
32.2+1.4 
4.6+0.6 
DEFOLIATED 
3.3+0.2 
ngC02g-ls-l 
-39+5 20+5 4+0.2 
.. 
-177+5 -135+8 -99+5 
g g -ld-1 0.010 Q.008 0.006 
i., 
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values f_rom their reviews show that there is a broad range in R 
m 
while Y values are more consistent. g A common finding is that 
R declines with age of a plant or organ (Mutsaers 1976; Silsbury 
m 
1979; Farrar 1980; Wilson et al. 1980) and values as low as 0.006 
g g-ld-l have been reported by Rorie (1977). A similar trend 
was found in this project for both leaves and fruit (section 3 and 
above). Thornley (1977) has presented a comprehensive analysis of 
respiration and its components. One important aspect of this 
analysis is that if the plant material is compartmentalised into 
storage tissue and structure, the non-degradable (inert) fraction of 
structural material does not contribute to Rd. The fraction of 
non-degradable structure will increase with age, so this is one 
approach to account for a declining R with senescence. 
m 
Stems of 
woody plants would be a good example of parts high in non-degradable 
structure, and most reports show stems with a low Rd or Rm 
(Hesketh et al. 1971; Horie 1977). In the case of an old boll, 
mature seeds and lint will 
value of R for the boll. 
m . 
have a low R , giving a low pooled 
m 
This is evident in the data presented 
here and by Thornley and Hesketh (1972) and Mutsaers (1976). 
Penning de Vries 
temperature on Y g should be 
(1972) postulated that effects of 
secondary since temperature does not 
affect the pathway of compound synthesis. This has subsequently 
been verified by McCree (1974), Penning de Vries et al. (1979) and 
Wilson et al. (1980). Temperature has a large positive effect on 
R (McCree 1974; Mutsaers 1976; Penning de Vries et al. 1979) 
m 
with a Q10 of 2.2 being measured or assumed (Rorie 1977). 
The fruit carbon budget from this section is used in the 
following section to compare with calculated c_arbon production by 
leaves. 
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SECTION 6. CARBON BUDGET FOR A COTTON PLANT 
A. Summary 
A carbon budget for individual nodes and whole plants was 
calculated from the leaf and fruit gas exchange experiments. 
Published data on stem respiration was used. 
About 20 mg of carbon per day was required to establish a 
plant node segment, comprising mainstem leaf and stem segment. 
Carbon production by a node was out of phase with carbon 
requirements by fruit at that node: the peak of carbon production 
was nearly 30 days before peak carbon requirement of a boll. Lower 
nodes were the most out of phase and these nodes were the least able 
to provide one boll with carbon. This deficiency was due to the 
relatively small size of leaves on this node, plus the extensive 
shading of these leaves by the rest of the plant. Middle and upper 
nodes were more able to provide a boll with carbon, due to larger 
leaf size and less shading. 
The total carbon production by a plant was slightly out of 
phase with requirements of all the bolls, probably involving some 
redistribution of stored carbon. The time when carbon production 
equalled carbon consumption coincided with the approximate time of 
last boll set. 
B. Introduction 
This section presents a carbon budget for cot ton plants 
based on the gas exchange characteristics o± leaves and fruit 
detailed in earlier sections. The most important feature of the 
cotton plant's morphological development from the viewpoint of the 
budget is that the sequence and timing of events along the first 
fruiting branch is repeated for each successive branch, and that the 
appearance of each branch occurs at regular intervals. Temperature, 
water relations and nutrition influence the intervals (Hesketh et 
al. 1971; Hearn 1969a), but in the current budget well-watered 
plants grown under a constant day/night temperature regime are 
considered. 
I , 
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The main finding on the gas exchange of leaves of relevance 
to the budget was that the performance of leaves is invariably tied 
to their age after unfolding, regardless of position on the plant or 
along the branches. Thus the same gas exchange pattern is repeated 
for each successive leaf. Also the response of photosynthesis to 
light, while changing with leaf age, is the same for each leaf 
position. Knowing these patterns, and the patterns of leaf 
production, it becomes a relatively simple exercise to construct a 
carbon budget for the cotton plant. 
The primary requirement of the carbon budget is that it 
should indicate how carbon was produced at specific locations on the 
plant as it grows. Several labelling and leaf removal experiments 
have suggested that the leaves at the same node are their major 
source of assimilates for a boll (Ashley 1972) with some role being 
played by the bracts on the boll (Morris 1964; Benedict et al. 
1972; Elmore 1973; previous section). If this dependence on local 
source were obligatory, and since photosynthesis by leaves follows a 
standard pattern, then it follows that the final size of bolls 
should be well related to the size of adjacent leaves. This is not 
necessarily the case, suggesting that carbon must be imported into 
fruiting branches from elsewhere in the plant • 
. 
c. Procedures and Results 
The carbon budgets for individual leaves and fruit 
throughout their life were presented in the previous sections. The 
budget for the whole plant level is calculated by using these 
individual organ data with measured intervals be tween leaves and 
fruit. In experiment 3-2, the intervals between the appearance of 
successive organs on the plants were: 
Up the mainstem Along the fruiting branch 
Days between each new 3.4 + 0.06 10.0 + 0.9 
leaf 
Days between each new 2.7 + o.os 8.2 + 0.2 
flower 
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Since there were shorter intervals between flowers than between 
leaves, as the plants developed, the age of a mainstem leaf when the 
adjacent fruit flowered decreased from 37 days to 29 days between 
nodes 5 and 16. 
A further experiment was done to obtain more information on 
leaf size profiles. Plants were grown in 50 kg containers with four 
replications of three nitrogen rates (0.9, 9 and 18 g N per plant as 
Maximum area per leaf was measured on 
mainstem leaves and the first two leaves on each fruiting branch. 
A of mainstem leaves is shown in Figure 6-1. 
max 
Largest leaves 
were in the middle region of the plants, a profile similar to that 
measured in the field by Portsmouth (1937), although the number of 
leaves differs. 
The size of leaves on fruiting branches, relative to the 
corresponding mainstem leaf is shown in Table 6-1. The first leaf 
on a fruiting branch averaged 0.55 times the mainstem A 
max' 
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Figure 6-1. Leaf area profile on the mainstem of cotton 
plants from experiment 3-2 and 6. Each data point is 
the mean of at least four plants. Symbols: • 
Experiment 3-2, 6,A ,a,• different nitrogen rates in 
experiment 6. Equation for curve: Y=-72.6+86.3X exp 
(-0.131X)). 
• 
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_Table 6-1. The size of leaves on cotton fruiting 
branches relative to the corresponding mainstem leaf. 
Mean and standard error of most nodes on 4 to 16 
plants, depending on experiment. 
Experiment 
3-2 
3-3 
5 
6 
Mean 
* not measured 
First/main 
0.58 + .03 
0.54 + .03 
0.54 + .03 
0.55 + .04 
0.55 
Second/main 
o.40 + .05 
0.48 + .05 
0.44 
a value also noted by Hearn (1969b). Slightly higher values (0.5 to 
0.7) were measured by Horrocks et al. (1978), but the ratio depended 
on cultivar. The second leaf on a fruiting branch averaged O. 44 
times the mains tern A , but this leaf of ten was not present on 
max 
the first fruiting branch, or on fruiting branches near the top of 
the plant. 
Stem and branch dry weights were tied to leaf size to give 
leaf to stem ratios of 1:1 as indicated by Eaton (1931), experiment 
7-1 and field data (Constable and Hearn 1981). The following 
expressions were used: 
Max branch dry weight (B ) = 0.4 x 6.4 x A mg Carbon 
max max 
(6-1) 
where O. 4 converts dry weight to carbon and 6. 4 is specific leaf 
weight. 
Branch weight= B 
max 
3 (B exp (-0.00006 X )) mg carbon 
max 
( 6-2) 
where Xis the age of the mainstem leaf. This empirical expression 
meant that stem and branch growth did not start until about 5 days 
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after a mainstem leaf unfolded and was complete when the second leaf 
on the fruiting branch had finished expansion. 
Branch respiration was set as follows: 
Branch resp=Branch weight (0.01 - O.OOOlllX) mg carbon per day (6-3) 
This expression gives respiration rates similar to those presented 
by Inamdar et al . (1925) and Baker and Hesketh (1969). Appendix II 
gives a list of expressions used in these carbon budgets and in the 
simulations in section 10. 
1 . Carbon Budget for a Node 
Figure 6-2 shows the potential carbon export for three node 
positions at each of the three light patterns outlined in section 
3. A node position comprised a node, internode, fruiting branch, 
mainstem leaf and two leaves along the fruiting branch. Super-
imposed on each figure is the carbon requirement for one or two 
bolls at these node positions. 
The carbon production at note 5 is out of phase with carbon 
demand by bolls, and is inadequate to satisfy boll growth even at 
the high light level. This inadequacy arose from the relatively 
small size of leaf 5 (150 cm2 ) and the shading of leaf 5, since by 
the time this node position had a developing boll, ten higher nodes 
had been produced. 
At node 7, the carbon production at high light was 
sufficient to satisfy the demand of one boll. - Leaves at this node 
are amongst the largest on the plant (Fig. 6-1) and mutual shading 
is less of a problem than for lower leaf positions. 
At node 13, carbon production at high light was also 
sufficient for a boll despite the leaves being relatively small at 
this position. Leaves at node 13 were generally not shaded, thereby 
maintaining a high daily rate of carbon production. It is likely 
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Figure 6-2. Calculated daily potential net export (11, 12, 
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11, 12 and 13 are diurnal light patterns giving 19, 24 and 
54 E m-2d-1 respectively. A node comprised a mainstem 
leaf, two leaves on the fruiting branch and internocte and 
branch segments. Superimposed on each figure is the carbon 
requirement for one or two bolls at that node. 
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that part- of the carbon deficit at node 5 was met by these upper 
leaves before they had a boll developing. 
2. C.arbon Budget for a Plant 
The carbon produced by a plant with a leaf area profile as 
in Figure 6-1 and Table 6-1 is shown in Figure 6-3 for two light 
levels. Node segments 5-8, 9-12, 13-16 and 17-20 are shown 
separately to illustrate the contribution to carbon production from 
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each level in the plant. Also shown is the total carbon requirement 
for the number and pattern of bolls set for average plants in 
experiment 3-2. This pattern was one boll on each node from nodes 5 
to 14 with a second boll on nodes 7, 8 and 9 making a total of 13 
bolls. Not included in this budget are the vegetative branches or 
the roots. Root respiration might require about 150 mg carbon per 
plant per day based on respiration data of Inamdar et al. (1925) and 
Hesketh et al. (1971) and from root : shoot ratios noted by Huxley 
(1964) and Cutler et al. (1978). In effect therefore, root carbon 
maintenance requirements are about equivalent to the growth of 1 to 
2 bolls. 
Peak carbon production per plant was at least equivalent to 
the requirements of the bolls, but at both light levels the decline 
in carbon production preceded the decline in boll requirement. For 
a plant to maintain the potential growth of all 13 bolls, 13 to 28% 
of the total boll requirement would have to come from the 
redistribution of previously assimilated carbon. Alternatively 
these upper bolls could be smaller. On these plants, the leaves on 
nodes 15 to 20, where there were no bolls present, produced enough 
carbon to sustain the growth of 3 to 6 bolls on lower nodes. Of 
interest is that the time in plant development where boll 
requirement equals carbon production is the time of flowering on 
node 15, the node above the last set boll. This observation may 
confirm the nutritional hypothesis of boll shedding (attributed to 
Mason 1922), that fruit is shed if there are insufficient 
assimilates (carbon in this case) for growth. 
D. General Discussion and Conclusions 
The carbon budgets presented here were retrospective 
calculations based on data obtained in a glasshouse. No attention 
has been paid to temperature, water relations, nutrition etc. The 
purpose was to calculate the pattern of carbon assimilation within 
the plant, utilising measured and published data on cotton. 
The conclusion from the budget that the production of 
carbon by leaves and its requirement by local bolls is out of phase, 
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and the corollary that leaves are generally incapable of sustaining 
growth of their adjacent bolls might seem at variance with many 
published results. Ashley (1972), Brown (1973a) and Horrocks et al. 
(1978) using 14co 2 labelling all showed or concluded that 
assimilates for a boll come from adjacent leaves• It is obvious 
that if a leaf is producing less carbon than is required by a boll, 
then most of a 14co 2 label will be found in that boll. Label 
from other leaves should also be found in that same boll. These 
types of measurement are made in the following section. 
Furthermore, it is important to note that stage of growth, light 
level, natural shading and leaf position will play a large part in 
determining how much carbon is required from other leaves. 
One of the initial aims of the carbon budget was to examine 
whether square shedding could be attributed to lack of carbon. 
Shedding of the last squares on a plant is readily explained by lack 
of carbon (Fig. 6-3); once the carbon requirement of developing 
bolls equals the carbon produced, no more bolls are set (see also 
Hearn 197 2). However, according to this budget, shedding of early 
squares during cloudy weather and when water and nitrogen levels are 
high (Hearn 1975a) is unlikely to be due to carbon shortage within 
the plant, particularly as the carbon requirement of a square is 
only 1-8 mg C day-l. The causes of this non-stress shedding are 
. 
therefore more complex than a direct lack of carbon assimilates. 
Other components of competition, such as nitrogen and 
hormone requirements and vascular development may also be involved 
in fruit survival. The question of vascular development is 
discussed in relation to manipulative experiments in section 9. 
Boll shedding can occur at any time between anthesis and 10 
days later and their carbon import requirement has risen to 70 mg 
d-l at 10 days after anthesis. Under conditions of cloudy 
weather, this is considerably in excess of what could be supplied by 
the leaf subtending the boll and is close to the amount of carbon 
available for export from all leaves at a mainstem node. Therefore 
it is conceivable that the shedding of young bolls results 
indirectly from carbon deficit. Although this budget has been con-
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structed for cotton, the same methodology may be used for some other 
dicotyledonous species. One central requirement in the budget is 
that the pattern of leaf gas exchange is controlled by the age of 
the leaf, and does not change with leaf position on the plant. It 
seems that patterns of leaf gas exchange are dominated by leaf age 
in species other than cotton as reviewed in section 3. However, 
patterns were shown to change with leaf position in soybean 
(Woodward 1976). Thus before the general techniques in this carbon 
budget can be applied to other dicotyledonous crops, the patterns of 
gas exchange must first by carefully defined. Morphological changes 
must also be precisely determined. 
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SECTION 7. DISTRIBUTION OF 14c PHOTOSYNTHATE IN COTTON 
A. Summary 
In four experiments, measurements were made of the 
distribution after 24 h to roots and individual fruit of 14co 2 
applied to single leaves. Factors studied were leaf age, node 
position, water status (two experiments), nitrogen status and shade. 
1. The label fed to a young leaf was found in that leaf or in 
adjacent stem and branch segments. The proportion of a mainstem 
leaf's export found in adjacent fruit increased as a leaf aged, to a 
maximum of nearly 80% at age 60 days. Lower mainstem leaves 
exported a greater proportion of their label to roots than upper 
leaves. 
2. The relative distribution of label to roots increased 
during periods of water stress and low nitrogen. Patterns of 
distribution between fruit and vegetative parts were only changed by 
severe shade. 
3. Label was redistributed only from senescing leaves and 
stems. The redistribution to roots was greater during water stress 
in both percentage and absolute terms. The redistribution to other 
plant parts (about 10% of original fixed label) was of similar 
absolute magnitude in both wet and dry treatments. 
4. The distribution of label among fruit was consistent with 
the response pattern of distribution to roots: lower bolls had an 
increased share of the label during slowly imposed water stress. 
s. The distribution of label from a leaf was strongly affected 
by phyllotaxis, with fruit in vertical alignment obtaining 3 to 6 
times more label than fruit on the other side of the mainstem. 
There was a logarithmic decline with distance (measured in number of 
nodes) in distribution of label from a leaf. 
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6. Analysis of distribution patterns showed that the empirical 
regression coefficients relating distance between source and sink 
may be of use in simulation models. It was found that the 
combination of leaf photosynthesis data with the regression 
coefficients might be used to predict the distribution to roots and 
all individual fruit on a cotton plant. 
B. Introduction 
The carbon budgets in previous sections indicated that 
carbon production from an individual node was often less than boll 
requirements at that node. Thus it appeared that carbon had to be 
moved to lower nodes in particular to satisfy boll growth there. 
The distribution of assimilates in plants can play a major role in 
determining economic yield. Donald and Hamblin (1976) have reviewed 
the concept of harvest index (HI - grain yield/total tops weight), 
and presented data to show that cereal yield is positively 
correlated with HI. It is this improvement of HI that is largely 
responsible for the high yield of modern cereals (Evans 1978). 
Cotton is however more complex than the determinate cereals 
in that there are many fruit which vary in position on the plant and 
in the time of major fruit set. The importance of timing of 
as simi late dist ri bu tion to economic parts was recognised by 
Niciporovic (1956) and this is particularly evident in cotton. 
Hearn (1975a) showed that high nitrogen and available water delayed 
boll setting in cotton, implying that assimilate distribution to 
lower fruiting points was reduced under these conditions. As an 
explanation, Hearn (1975a) invoked competition between roots, fruits 
and leaves and their proximity to the factors in limited supply. 
This response by cotton can be manipulated to a grower's advantage 
with fertiliser and irrigation management, to reduce costs and 
insect control problems (Hearn 1975b). 
Previous investigations on the distribution of assimilates 
(i.e. 14 co2 studies) in cotton are limited in two main areas: 
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1. Only a restricted range of leaf ages and node positions 
have been studied. Most work has been concerned with the early boll 
growth stage, so squares and older bolls have been ignored. 
Although the common finding is that adjacent leaves are primarily 
concerned with supplying bolls (Ashley 1972), · not all papers report 
export from those same leaves to other bolls, or particularly from 
upper leaves to lower bolls. 
2. Effects of factors such as water or nitrogen status on the 
pattern of distribution within the plant have not been studied. 
These factors influence distribution as seen in the field 
experiments of Hearn (1975a). 
With these areas of interest, four experiments were done 
using 14co2 labelling techniques to examine distribution from 
individual leaves to individual fruit of glasshouse grown cotton 
plants. In the first experiment, leaf age and node position were 
considered as factors. In the other three experiments the effect of 
water supply, differences in nitrogen status and artificial shade 
were examined. The measurements involved the initial distribution 
and subsequent redistribution of a 14c label and were not intended 
to provide information on the mechanism of its movement, the 
assumption being that the ability of leaves and fruit to produce and 
consume carbon are affected by treatments to a greater extent than 
translocation (Munns and Pearson 1974). Finally, the importance of 
the measured parameters relating distribution to distance and 
treatment were determined using carbon budgeting. 
c. Effect of leaf position and age 
1. Methods 
In experiment 7-1, was fed to mainstem leaves 5 
and 7 and the first leaf on the fruiting branch (called 7-1) on a 
number of occasions as shown in Table 7-1. Leaves were labelled in 
the glasshouse at three positions on each leaf lamina using a hand 
held chamber (McWilliam et al. 1973). This perspex chamber, 2.25 
cm2 in area, was clamped onto a leaf, sealing being obtained with 
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polypropylene o-rings. Labelled (5 J1Ci was passed 
simultaneously over both leaf surfaces from a gas bottle pressurised 
to 0.026 MPa. CO 2 exhausted from the leaf chamber was absorbed in 
a soda lime column. Feeding was for 60 sat each position on a leaf 
2 
repeated at 0900, 1200 and 1500 h, giving a total of 20. 25 cm . 
min. feeding per leaf. There were 4 replications of each leaf 
position. Plants were harvested 24 h after the 1200 h feeding and 
separated into the labelled leaf, the vegetative parts at the 
labelled node (other leaves, mainstem internode and fruiting 
branch), all individual fruits, the vegetative parts above and below 
the labelled node and roots. 
2. Results 
The dry weight of individual organs at node 7 are shown in 
Figure 7-1. The mainstem leaf, stem and branch, and the leaf sub-
tending the fruit, developed in that order, with final total leaf 
6 
5 
0) 4 
r-
I 
(9 3 
w 
s 
>- 2 
a: 
0 
1 
0 
• FRUIT 
• 
~-
.. ---·~ 
STEM AND BRANCH 
•--• MAINSTEM LEAF 
_./ / 
, / --,-----·!::,. 
A ~:::::.,:'i ;:::;---
FIRST FRUITING 
BRANCH LEAF 
I I I I I I I 
o t t1 o t 2 ot 3 o t 4 o t 5 o t 6 o 7 o so 9 o 
DAYS AFTER MAINSTEM LEAF 7 UNFOLDED 
100 
Figure 7-1. Dry weight of plant parts at mainstem 
node 7. Arrows denote a time of 14co2 labelling. 
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weight and stem and branch weights being equal. All vegetative 
plant parts at the node had finished growth by the time of flowering. 
Table 7-1 shows the percentage of total 14c detected in 
plant parts 24 h after labelling. When young leaves were labelled, 
they retained a large proportion of the label, the balance being 
exported for vegetative growth at and below the labelled position. 
As leaves aged they retained progressively less 14c and more of 
the export was to lower vegetative parts than to upper parts, with 
an increasing proportion going to developing fruit. For a given age 
leaf 5 exported a greater proportion to roots than leaf 7, while 
leaf 7-1 did not export to roots at all. As the leaf aged, export 
to roots decreased. A square on the same node as a labelled leaf 
received only 2-5% of 14c. The boll on the same node as a 
labelled leaf received the majority of the label, but there was 
still a significant (13-19%) amount of the label exported to other 
bolls on the plant. 
3. Discussion 
On a whole plant and canopy basis, the constant ratio 
between leaf and stem dry weight has frequently been recorded in 
cotton (Eaton 1931; Huxley 1964; Cutler and Rains 1977; Constable 
and Hearn 1981). This situation arises because the leaves are 
formed on the stem and branch which they support with assimilates. 
Despite the fact that lower bolls were calculated to have a 
requirement for carbon from outside the node (section 6), all 
mainstem leaves exported label to bolls on other nodes. This would 
support the concept of a plant having a pool of assimilates to which 
all mainstem leaves contribute and from which all bolls can draw to 
a limited degree depending on distance from the pool. Ashley 
(1972), Brown (1973a), Benedict and Kohel (1975) and Horrocks et al. 
(1978), all showed or surmised that the majority of assimilates for 
a boll come from adjacent leaves. However not all of these papers 
searched for 14c outside the labelled node, or determined if upper 
mainstem leaves also contributed to lower bolls. Ashley (1972) and 
Karami et al. (1980) noted more rapid export from mainstem leaves 
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Leaf position 
5 
7 
7-1 
~ 
Leaf age 
(days) 
12 
28 
54 
6 
9 
14 
22 
33 
45 
4 
22 
Table 7-1. Percentage distribution of 14c 24 h after labelling three 
different leaf positions at various ages. Vegetative refers to 
leaves, stems and branches; fruit refers to squares (flower buds) 
or bolls, depending on growth stage. Mean and standard error of 
four plants. 
% of total i 4 C after 24 hours 
At labelled node Above Node Below Node 
Leaf Vegetative Fruit Vegetative Fruit Vegetative Fruit 
39+1 13+2 - 13+1 - 21+3 -
- - - -
47+4 7+1 5+1 7+3 l+.4 13+/4 -
-35+3 3+. 6 25+4 5+3 15+2 8+2 -
- - - - -
79+9 ' 4+3 - - - 16+10 -
44+3 14+1 - - - 29+2 -
- -49+5 12+.2 2+. 2 4+1 - 20+3 -
38+2 9+/5 2+. 3 6+2 1+.1 25+3 2+.4 
- - -37+1 9+2 16+5 l+. 6 l+. 3 13+5 13+3 
22+4 2+.4 50+9 1+.2 1+. 7 3+1 19+7 
- - - - - - -
78+6 14+5 2+. 7 2+.8 - 5+1 -
- -
68+6 lo+2 17+3 2+1 1+.2 2+1 2+. 4 
Roots 
15+2 
20+2 00 
-9+1 -.....J 
-
l+.3 
13+1 
14+2 
17+3 
-9+3 
3+1 
-
0 
0 
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than from leaves on fruiting branches - an effect that could have 
been due to differences in leaf age. Furthermore as leaves on the 
fruiting branch have a direct connection to the boll and their 
carbon production is only a fraction of the requirement for a boll, 
little export could be expected from this leaf to any sink other 
than that boll. 
Export to bolls at other nodes conformed to the well 
documented phyllotactic effect, where bolls on the same side of the 
mainstem received the majority of label (Tsing 1963; Brown 1968, 
1973a; Sabbe and Cathey 1969). This topic is covered in more 
detail in the following experiment. 
Other results from this experiment provide support for 
conclusions from the carbon budget: a young leaf retains most of 
its carbon for growth but carbon produced by an older leaf may be 
stored in the stem and utilised for boll growth when photosynthesis 
declines. (Saleem and Buxton 
storage utilisation in cot ton.) 
(1976) have shown profiles of stem 
A square received only 2-5% of 
assimilates from adjacent leaves, a value similar to that predicted 
from the carbon budget. 
D. Effect of water deficit 
1. Methods 
Two treatments were imposed on the plants in experiment 7-2: 
a. Wet. These plants were watered as in all other 
experiments; i.e. water was applied BEFORE 50% of available water 
( 6 litres) was used. This resulted in 20 waterings during the 80 
days of the experiment. 
b. Dry. These plants were watered AFTER 80% of available 
water was used, giving only 5 waterings. 
treatment was continually undergoing 
It is emphasised that this 
a long drying cycle, 
culminating in a severe stress. On two occasions this dry treatment 
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was imposed on plants from the wet treatment, and the onset of 
stress was very rapid. 
Plant water use was determined by weighing ten containers 
of each treatment on platform scales. As the wet plants grew 
larger, the watering interval became as little as two days. The 
area of each second mainstem leaf from node 5 to 17 was measured 
each week day on these weighed plants. 
On most week days, net photosynthesis at 1800 fE m- 2s -l 
and 25°C air temperature was measured on at least four replicates 
of the wet and dry treatments. Leaf positions studied ranged from 
mainstem nodes 2 to 13 as well as some fruiting branch leaves. Leaf 
ages ranged from 10 to 50 days from unfolding. 
Labelling of leaves with 14co2 was done in the water 
jacketed gas exchange chambers so that air temperature could be 
maintained at 25°c. The chamber was in a closed air flow system 
incorporating pumps and a Geiger-Muller tube monitor (Swan and 
Rawson 1973) . This circuit is shown in Fig. 7-2. For each 
labelling occasion, 5 pCi Na14co 2 3 was added to an excess of 
acid with a microsyringe whilst the leaf chamber was excluded from 
the circuit . During this time the leaf chamber was continuously 
flushed with fresh air. Air in the closed system was continuously 
circulated with a peristaltic pump. 
finished (450 counts per s on the 
Once 14co 2 
monitor), the 
release was 
acid 14co 2 
generator was excluded from the circuit with 3 way taps and the leaf 
chamber was included. After the majority of 14co 2 had been 
taken up (i.e. 50 cps left), the system was opened and pumped out 
through a soda lime column until background counts were obtained (8 
cps). The leaf was then removed from the chamber. The time for a 
leaf to take up the label ranged from 2 to 10 min depending on leaf 
size and photosynthesis rate. A 1500W quartz iodide lamp provided 
1800 fE m-2s-1 within the leaf chamber. 
Four replications of the wet and dry treatments were 
labelled on each occasion. Labelling took place between 0800 and 
1400 h and at 1400 h the next day the plants were separated into: 
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Figure 7-2. The circuit for labelling whole leaves with 1 4co2. 
1. Microsyringe to inject 5 ?Ci Na2 14cog. 2. Round bottomed 
flask containing lactic acid. 3. Three-way taps to include the 
flask during 14co2 generation. Once 14co2 generation 
reaches the desired point the flask is excluded. 4. Two Geiger 
Muller detectors with their end windows in the labelled gas stream. 
5. Flat bed potentiometric recorder to give a continuous trace of 
the output from the detectors (via a rate meter). 6. Three-way taps 
to exhaust the system of 14co2 at the end of labelling, through 
a soda lime column (8) with a pump (9). 7 • Peristaltic pump to 
circulate the 14co2 during generation and labelling. 10. Three-
way taps to initially exclude the leaf chamber (12) from the circuit 
during 14co2 generation. 11. Three-way taps to maintain an open 
circuit for the leaf in the c h amber during 14co2 generation. 
Air moves clockwise during 14co2 generation and leaf labelling 
and anticlockwise during exhaust. 
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the labelled leaf (after measuring LWP in a pressure chamber), all 
individual fruit, the vegetative parts of the labelled node (other 
leaves, internode and branch), vegetative parts above and below the 
labelled node and root weight. These samples were dried, weighed, 
ground and assayed as before. 
The pattern of 14c in individual fruit was analysed by 
multiple linear regression in the following way: 
(7-1) 
where Y is the natural logarithm of percentage of label in each 
fruit. Logarithmic fits were found to be better than linear ones. 
Swanson (1959) and Canny (1962) have used this approach to examine 
similar data. A is the angle type between the labelled leaf and the 
node in question. ~-tt h 1 f 135° between each '-'U on as· an ang e o 
successive node i.e. a phyllotaxis of 3/8 (Brown (1968), and 
confirmed in measurements on these plants). Brown (1968) analysed 
similar data using radians but it was found that in the current 
data, the label was distributed in three streams (also noted by 
Prokof'ev et al. 1971). Thus A=O for nodes on the same side of the 
mainstem, A=0.5 for nodes at 90° and A=l.O for nodes on the 
opposite side of the stem. N is the distance in number of mainstem 
nodes from the labelled leaf. a is the intercept; i.e. the amount 
of label in the fruit adjacent to the labelled leaf, ba and bd 
are regression coefficients quantifying the effect of angle type and 
distance respectively on the percentage of 14c in each fruit. 
2. Results 
a. Water status, leaf expansion and net photosynthesis 
Leaf water potential at 1400 h (LWP) as influenced by 
available soil water is shown in Fig. 7-3. For the dry treatment, 
LWP was maintained at -1.3 MPa until only 30% of available water 
remained. 
-4. 0 MPa. 
Thereafter LWP fell rapidly reaching values approaching 
The wet treatment had LWP averaging -1. 2 + O. 04 MPa. 
throughout the experiment. 
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Figure 7-3. The relationship between available soil water~ 
as determined by weighing of the container, and leaf 
water potential (LWP) measured at 1400 h in the DRY 
treatment. Each point is the mean of at least four 
plants. Equation for curve: 
Y=-l.16+(-0.13/(0.02+X)); R2=0.88. The LWP of the 
WET treatment averaged -1. 2o+O. 04 MPa. at the same 
times. 
The profile of final area per leaf, the duration of leaf 
expansion and the average daily rate of leaf expansion calculated by 
fitting curves to individual leaf data are shown in Fig. 7-4. 
Largest leaves were in the central region of the plant, as found in 
earlier experiments. For leaf 5 the timing of stress was such that 
expansion was essentially finished when a severe level of stress was 
reached. Thus the smaller size of this leaf was due to a reduced 
rate of expansion each day. For other leav~s the timing of stress 
was such that considerable expansion continued · after rewatering. 
Upper leaf positions in the dry treatment were able to achieve a 
similar final size to the wet treatment by growing for a longer 
period. 
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Figure 7-4. The pattern of final leaf size <Pmax), 
average rate of expansion (AGR) and duration of 
expansion from 5% to 95% of i\nax (DUR) with 
mainstem leaf position in the WET ( •) and DRY (O) 
treatments. Vertical bars indicate twice the 
standard error of the mean of each point. 
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The effect of soil water deficit on relative daily leaf 
expansion is shown in Fig. 7-5. These data are for leaves 5, 7 and 
9 only, since the rest of the leaves were delayed in appearance in 
the dry treatment and could not be validly compared to wet. There 
was a clear reduction in leaf expansion as soon as available water 
declined. Leaf expansion was reduced by 30% once available water 
was halved, a level that did not affect LWP (Fig. 7-3). The three 
data points widely displaced from the regression were for leaves 
just starting or ending expansion, so the absolute error was very 
small. 
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L::.. - leaf 7 and o - leaf 9. Equation for curve: 
l-exp(-3.09Xl-38); R2 = Q.65. 
ratio 
5, 
y = 
95 
As found in the first experiment, photosynthesis did not 
change with leaf position. Furthermore the pattern of photo-
synthesis with leaf age was as found previously (Fig. 3-1). 
Therefore the photosynthesis data from when wet and dry treatments 
were compared will be presented as the ratio dry/wet. This approach 
allowed for the pooling of data from all leaf positions and leaf 
ages to examine the effect of water stress on photosynthesis. 
Available soil water had no consistent effect on relative net photo-
synthesis until 70% depletion (Fig. 7-6). Thus the pattern of 
response was similar to that of LWP. Once more than 70% of 
available water had been used, LWP, leaf expansion and net photo-
synthesis all fell rapidly (Figs. 7-3, 7-5 and 7-6). 
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b. Growth and 14c distribution within plants 
The pattern of total tops dry weight and root weight for 
the wet and dry treatments is shown in Fig. 7-7. Top weight was 
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Figure 7-7. The pattern of dry weight over time of (a) 
tops and (b) roots of the WET ( •) and DRY (O) 
treatment. Each point is the mean of four plants and 
vertical bars denote twice the standard error of the 
mean. Arrows indicate dates of watering of the DRY 
treatment. The WET treatment was watered 20 times. 
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reduced in the dry treatment from day 40 onwards and the final 
weight was reduced by 71%. The root weight of the dry treatment was 
slightly higher around day 40 but fluctuated subsequently with 
values similar to the wet treatment. Root weight to shoot weight 
ratios were therefore always higher in the dry treatment. 
The 
recovery 
total label fed 
20 min after labelling, 
to plants, as measured by 
averaged 2. 835+0. 396 X 106 
cpm. The total label recovered in the wet treatment after 24 h was 
83% of this value (Table 7-2). Recovery in the dry treatment was 
only 63%. 
The distribution of label within plants after 24 his shown 
in Table 7-3. The effects of leaf age and position were as found in 
the previous experiment: more label was found in young leaves and 
the associated node than in expanded leaves. There was only one 
occasion when fruit in the dry treatment had less activity at the 
labelled node. On this occasion (leaf 13, age 35), very little 
Leaf 
(no) 
2 
5 
7 
13 
when 
Table 7-2 Total recovery of 14c label as 
affected by treatment. Values in the body of the 
table are the mean of four plants. 
Leaf age Total counts per plant at 
labelled when harvested harvest 
Wet Dry 
(days) (days) (cpm x 10-3) 
10 36 2492 1476 
11 12 2254 2228 
16 17 2575 1926 
21 22 1957 1406 
11 27 - 1906 1978 
60 61 2443 1541 
60 61 2206 1495 
19 102 2277 1760 
20 21 2488 2445 
35 36 2436 1556 
2303 + 72 1781 + 112 
~ 
Table 7-3. Percentage distribution of 14c 24 h after labelling 
node age Treatment and LWP 
(d) (MPa) 
5 11 W -1.03 
D -1.17 
16 W -1.20 
D -1.81 
21 W .,.1.11 
D -3.72 
60 W -1.52 
D -2.48 
7 19 W -1.20 
60 W -1.21 
D -2.80 
13 20 W -1.28 
D -2.02 
35 W -1.42 
D -3.40 
as affected by node position, leaf age and water treatment (W - WET; D -
DRY). Leaf water potential (LWP) measured on the labelled leaf at the time 
of harvest. Mean and standard error of four plants. Other abbreviations as 
in Table 7-1. 
At labelled node 
Leaf Vegetative Fruit 
45+4 15+ 1 .1+.1 
-46+5 
" 
12+2 • 7+.1 
- - -
42+8 15+1 1.1+.6 
- -35+2 16+1 1.1-.s 
- -
27+4 lo+3 .1+.1 
- - -59+5 lo+l • 2+.1 
- - -
4o+5 12+2 22:Z:2 
4o+7 lo+l 2o+6 
- - -
32+4 17+1 .4+.2 
-
- -
57+7 6+1 6+3 
- -47+3 6+1 5+1 
- - -
35+5 8+1 2+. 8 
- - -29+1 2+1 2+1 
- - -
28+5 3+.4 19+8 
- - -5o+4 4+.5 .4+.4 
% OF TOTAL 14c AFTER 24 h 
Above node 
Vegetative Fruit 
8+1 -
9+.2 -
-
12+3 • 5+. 2 
7-2 .1+.1 
-
15+2 .5+.1 
-3+1 .2+.1 
5+2 7+3 
lo+l 2+.1 
- -
lo+3 • 6+. 2 
-
4+1 4+. 7 
-6+2 4+.5 
- -
1.4+.8 .3+.l 
-2+1 .1 +. J_ 
- -
.4+.1 4+3 
- -1.2+.4 • 4+. 3 
Below node 
Vegetative Fruit 
21+3 -
23+3 -
-
19+3 -
-27+2 -
-
27+3 -
-2o+3 -
13+3 -
13+3 -
-
27+3 . 4+. 2 
9+3 10+3 
- -lo+2 17+2 
- -
41+3 9+2 
- -38+7 8+5 
- -
21+3 21+6 
- -28+5 9+4 
Roots 
lo+l 
-9+1 
10+2 
-14+2 
-
20+3 
-8+1 
• 5+. l 
-5+2 
12+2 
3+2 
-5+1 
-
3+1 
-8+4 
3+1 
-6+3 
I..O 
CX> 
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label was detected in the fruit, with lower bolls having the most 
activity. One effect apparent in Table 7-3 was that the dry 
treatment had a greater proportion of label in roots (although less 
total label - Table 7-2) than the wet treatment on five of the seven 
occasions where these treatments were compared. Other than these 
effects, there was little difference between wet and dry treatments 
in distribution of 14c label. 
c. Redistribution of 14c 
On three occasions the plants from the wet treatment were 
not harvested for a long period after la belling. The wet and dry 
treatments were then imposed throughout this time to examine 
possible redistribution of assimilates. On the first occasion leaf 
2 was labelled at 10 days old, and was sampled 24 h and 26 days 
later. At the last sample there -was a detectable amount of activity 
in young squares that had not been present at the time of labelling 
(Table 7-4). Furthermore, there was an increase in the percentage 
and absolute amount of original label present in the roots in both 
treatments, but particularly so in dry plants. Some of the loss in 
recovery in the dry treatment was due to shedding of plant parts, 
particularly leaves. 
On the second occasion, leaf 5, 11 days old was sampled 24 
hand 16 days later. Again there was a small amount of label 
Tops 
Roots 
Total 
Table 7-4. Percentage redistribution of 14c label 
from leaf 2 between age 10 and 36 days in WET and 
DRY treatments. Mean and standard error of four 
plants. 
Time after labelling and treatment 
24h 26d 26d 
WET WET DRY 
Vegetative % 89.5+2.3 84.4+1.0 69.5+1.9 
Fruit % 0.7+0.1 0 .9+0.1 
% 10.5+2.3 14.9+1.0 29.6+2.0 
14c cpm 1953+289 1997+95 1476+190 
recovery xio-3 
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present in squares that developed in the 16 day period, and the 
percentage and absolute amount present in the roots was increased, 
especially in the dry treatment (Table 7-5a). Another notable 
aspect was that vegetative growth at the top of the plant had 
reduced activity in dry plants relative to wet plants. 
Table 7-5a. Percentage redistribution of 14c label 
from leaf 5 between age 11 and 27 days in WET 
and DRY treatments. Mean and standard error of 
four plants. 
Plant part 
Leaf 5 
Node 5 
Fruit 5 
Vegetative above 5 
Fruit above 5 
Vegetative below 5 
Fruit below 5 
Root 
Total recovery 
cpm xio-3 
Time after labelling and treatment 
% 
% 
% 
% 
% 
% 
% 
% 
24 h 
Wet 
45.7+4.3 
-13.4+1.3 
-0.1+0.1 
8.5+0.4 
22.3+2.5 
9.6+1.3 
2241 
16 d 
Wet Dry 
29.8+1.6 33.o+l. 7 
17.4+1.7 17.6+1.l 
-1.1+-0.1 1.1+0.1 
18.0+3.4 10.7+0.6 
- -0.9+0.2 o.4+0.1 
22.5+2.3 20.3+1.5 
10.2+1.o 16.8+1.4 
1906 1978 
Leaf 7, 19 days old was sampled 24 hand 83 days (maturity) 
later. As before roots and fruit were found to have a greater 
proportion of the detected label (Table 7-5b), but the dry treatment 
had less in fruit than the wet treatment. The activity in the 
labelled leaf was reduced by 50% in the dry and by 75% in the wet 
treatment. 
d. Distribution of 14c between fruit 
Table 7-6 shows the regression coefficients and correlation 
coefficients for the effect of fruit position on 14c activity 
after labelling (Fig 7-8). There was no consistent effect of leaf 
age or position on these regression coefficients. In all cases, the 
amount of label one node away from the labelled leaf was much less 
than at the labelled node. This effect is evident in Table 7-6 as a 
low regression coefficient for angle type. These regression co-
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Table 7-Sb. Percentage redistribution of 14c label 
from leaf 7 between age 19 and 102 days in WET and 
DRY treatments. Mean and standard error of four 
plants. 
Time after labelling and treatment 
Plant part 
Leaf 7 
Node 7 
Fruit 7 
Vegetative above 7 
Fruit above 7 
Vegetative below 7 
Fruit below 7 
Root 
Total recovery 
cpm xio-3 
% 
% 
% 
% 
% 
% 
% 
% 
24 h 
Wet 
32.o+4.3 
17.4+1.2 
o.4+0.2 
10.2+0.3 
-0.6+0.2 
27.1+2.8 
Q.4+0.2 
11.8+1.8 
2299 
83 d 
Wet Dry 
12.3+2.l 18.7+2.5 
10. 0+1. 0 11.8+2.8 
-2.6+0.8 o.4+0.3 
9.6+1.9 12.2+3.0 
10.9+1.4 4.4+2.5 
35.0+5.2 30.5+3.3 
4.8+1.6 3.5+1.2 
14.8+2.2 18.7+4.4 
2277 1760 
efficients were always negative; i.e. fruit nearest to a labelled 
node and on the same side of the stem, had the most label. The 
trends with specific activity were the same as with percentage. 
There were some regular trends with treatment and direction of 
movement (Table 7-7): water stress had no effect on the regression 
coefficient for angle type, but this slope was reduced for the 
downward direction. In effect, for movement in the upward 
direction, bolls on the opposite side of the stem only received 
about 1/3 of the label, for downward movement opposite bolls 
received only 1/6. The data for longitudinal distance were more 
complex, but on average the distance of each node (7.0 cm) meant a 
27% reduction in the amount of activity. For the wet treatment the 
regression coefficient for distance was lower in the upward 
direction. For the dry treatment, this distance was more pronounced 
and in fact, the regresion coefficient was always positive in the 
downward direction. In this case the boll at the bottom of the 
plant obtained the most label. This pat tern can be seen in Fig. 
7-8: for the dry treatment leaf 13, the boll at node 5 (on the same 
side of the stem) had the greatest percentage of label of all the 
-Leaf 
no 
5 
7 
13 
102 
Table 7-6. Regression coefficients for angle type 
(phyllotaxis) and distance in number of nodes 
from the labelled leaf on the logarithm of the 
percentage of a 14c label in each cotton 
fruit. The multiple correlation coefficient 
(R2) for each regression is also shown. 
Treatment were WET (W) and DRY (D). These data 
are plotted in Fig. 7-8. 
Leaf age Direct-
ion 
Treat-
ment 
Regression constant 
at 
label 
d 
16 
21 
11 
60 
19 
60 
19 
20 
35 
at 
harvest 
d 
17 
22 
27 
61 
20 
61 
102 
21 
36 
Up 
Up 
Up 
Up 
Up 
Up 
Up 
Up 
Up 
Down 
Up 
Up 
Down 
Down 
Up 
Up 
Down 
Down 
Down 
Down 
Down 
w 
D 
w 
D 
w 
D 
w 
D 
w 
w 
w 
D 
w 
D 
w 
D 
'w 
w 
D 
w 
D 
Angle Distance R2 
-1.122 
-2.198 
-0.500 
0.159 
-0.581 
-1.484 
-1. 613 
-1.212 
-1.321 
-0.344 
-0.783 
-0.165 
-2.047 
-1.107 
-0.645 
0.603 
0 
-3.542 
-2.274 
-0.934 
-1.058 
-0.787 
-0.753 
-0.010 
-0. 715 
-0.574 
-0.900 
-0.428 
-0.561 
-0.004 
-0.239 
-0.432 
-0.197 
0.064 
o. 215 
-0.074 
-0.363 
-0.598 
-0.105 
0.116 
-0.155 
0.176 
0.81 
0.59 
o. 31 
o.88 
0.93 
o.92 
0.75 
0.81 
o.75 
0.65 
0.85 
0.46 
0.68 
0.93 
o.43 
o.42 
0.99 
o.96 
0.76 
o.30 
0.57 
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Figure 7-8. The distribution of a 14c label between 
fruit on different nodes of cot ton plants as 
influenced by water ~reatments WET and DRY. Numbers 
between each pair of graphs indicate the leaf and its 
age; eg 5/16 is for leaf 5, harvested 16 days from 
unfolding. 
~ - fruit at 90° to the labelled leaf, 
Symbols: • - fruit on the same side of the mainstem 
as the labelled leaf, 0 - fruit on the opposite side 
of the mainstem to the labelled leaf. Lines are the 
fitted multiple regression for fruit on the same side 
of the mainstem as the labelled leaf. Constants and 
correlation coefficients given in Table 7-6. 
bolls. For the wet treatment at the same leaf, it was the boll at 
node 10 or 13 that had the most label. 
The second fruit along the fruiting branch at the labelled 
node always had less label than the first fruit. This was the case 
with specific activity (6 times less on average) and with percentage 
of total label (27 times less). 
1! 
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Table 7-7. Summary of the main effects of treatment 
Co-
efficient 
for 
Angle type 
Distance 
and direction on the regression coefficient for angle 
type and distance on the distribution of 14c label 
between cotton fruit. Data derived from Table 7-6. 
Figures in brackets refer to the number of data 
points for each mean and standard error of that mean. 
Direction Treatment 
WET DRY Mean 
UP -0.938+0.159 -0.716+0.441 -0.836+0.213 
(7) (6) (13) 
DOWN -l.373+o.644 -l.48o+0.397 -1. 413 +o. 407 
(5) (3) ( 8) 
Mean -1.119+0.274 -0.971+0.332 -1. 056+o. 207 
(12) (9) (21) 
UP -0.33o+0.116 -0.582+0.107 -0.446+0.084 
(7) (6) (13) 
DOWN -0.207+0.110 +0.169+0.029 -0.066+0.095 
(5) (3) (8) 
Mean -0.279+0.080 -0.331+0.143 -0.301+0.075 
- -(12) (9) (21) 
3. Discussion 
a. Growth and photosynthesis 
Top dry weight was reduced by 71% due to a reduction in 
leaf area (Fig.7-4) and in photosynthesis (Fig.7-6). A notable 
feature was the high root weight/top weigbt ratio in the dry 
treatment. Troughton (1956) has described and discussed the 
allometric method of interpreting root shoot ratios, and has shown 
that low nutrition or water stress reduce top weight more than root 
weight in grasses. Iwaki (1958), Brouwer (1962), Brouwer and DeWit 
(1968) have found similar effects in other species. The allometric 
relationship for the root weight and top weight of wet and dry 
treatments are plotted in Fig. 7-9 and show a linear relationship 
for the whole period of experiment. The higher proportion of weight 
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Figure 7-9. The allometric relationship between top and 
root dry weight. Symbols and equations: 
• WET; lnY=-0.96+0.703 ln X; r=0.99. 
0 DRY; lnY=-0.79+0.839 ln X; r=0.84. 
in roots is clearly demonstrated by this method, with the difference 
in slopes between wet and dry treatments being similar to that found 
by Troughton (1956). 
The reduced leaf size in dry treatments was due entirely to 
a reduced daily rate of expansion, since the duration of leaf 
expansion was usually increased (Fig. 7-4). The delayed response of 
photosynthesis in comparison with leaf expansion to available water 
(Figs. 7-5, 7-6) was expected, based on published information (Boyer 
1970; review by Begg and Turner 1976). Further evidence of this 
sequential response can be seen in field growth data for cotton in 
the vegetative stage (Constable and Hearn 1981), where a range of 
irrigation treatments had no apparent effect on net assimilation 
rates, despite large changes in canopy leaf area. 
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The reduction in photosynthesis with minimum leaf water 
potential (LWP) was approximately linear (Figs. 7-3, 7-6) in common 
with other cotton data (Ackerson et al. 1977; Parsons et al. 1979; 
Sung and Kreig 1979), although Karami et al. (1980) showed a plateau 
of photosynthesis above -1. 8 MPa. In all these results, 
photosynthesis was not completely reduced by severe water stress and 
El Sharkawy and Hesketh (1964) have shown cotton leaves visibly 
wilted still photosynthesised at high rates. 
There was no detectable difference between wet and dry 
treatments in dark respiration (Rd). This result was not expected 
since Brix (1962), Boyer (1965) and Pallas et al. (1967) have found 
that stress reduced Rd. As discussed in Section 5, Wilson et al. 
(1979) found that water stress reduced maintenance respiration 
(R ). 
m 
Leaves from the dry treatment had a higher nitrogen content 
( 4. 2 ver s·us 3. 5% N). Barnes and Hole (1978) postulated that Rm 
should be expressed on a nitrogen basis rather than on dry weight 
since R is largely associated with nitrogen turnover. Thus m 
tissues with higher nitrogen percentage have a higher R on a dry 
m 
weight basis. The expected lower Rd for the dry treatment was 
therefore balanced by the greater nitrogen content and in fact, the 
respiration per unit of nitrogen was lower for the dry treatment. 
The differential effect of water stress on Rd accounts for the 
lower recovery of 14c activity in the dry treatment (Table 7-2). 
The wet treatment had a 19% loss of activity in the first 24 h. 
Since photosynthesis of the dry treatment was reduced by 58% on 
average (Fig. 7-6), the proportion of this as Rd is 1. 7 times 
higher. On this basis, a 67% recovery of activity would be expected 
in the dry treatment - very close to the 63% actually found. 
Therefore the lower recovery can be wholly attributed to a greater 
proportional respiratory loss. It can be further surmised that once 
th 14 C was f · d t e 1.xe as s orage or structural material, very little 
was 1 · · · h · · 1 14c f ost 1.n respiration as t ere was s1.m1 ar recovery a ter up 
to 83 d. 
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b. Redistribution of label 
There was a change in percentage and absolute amounts of 
14c label present in plant parts between 1 and up to 83 d after 
labelling. This was circumstantial evidence for redistribution of 
the labelled carbon as storage or breakdown of carbohydrate or 
protein. The label left in a leaf decreased after 24h, especially 
in the wet treatment presumably since the proportion required in 
structure and maintenance was greater in the dry treatment. For a 
11 day old leaf, the redistribution was to vegetative parts (at the 
same node and above) and to roots. For an older and higher leaf, 
the redistribution was to roots and fruit on all positions of the 
·14 plant• Joy (1964) has also found redistribution of insoluble C 
label from a sugar beet leaf during senescence. The redistribution 
to roots was always greater in the dry treatment. 
The only other plant part that apparently had remobilisable 
assimilates was the stem parts associated with a 19 day old mainstem 
leaf 7. These lost 43-48% of absolute 14c activity in the 
following 83 days. This was 9.0-9.9% of the label present after 24h 
for both the wet and dry treatments. With maize and rice, McPherson 
and Boyer (1977), Jurgens et al. (1978) and Kobata and Takami (1979) 
have found a greater redistribution of storage material to grain 
during stress. The fact that there was no difference in cotton 
between wet and dry treatments indicates that during stres an 
indeterminate plant has alternative sinks (young vegetative parts) 
which can also draw on reserves. 
A notable aspect of redistribution was that fruit not 
present at the time of labelling had detectable amounts of activity 
16-83 days later (Tables 7-4, 7-5 and Fig. 7- 8 ). Both Hume and 
Criswell (1973) and Stephenson and Wilson (1977) have recorded 
redistribution of label applied in the vegetative stage to grain in 
soybean. Furthermore in the current study, the pattern of 
distribution between fruit was as found for 24h harvests: the 
amount of label present was inversly related to distance from the 
labelled leaf, and fruit on the other side of the mainstem had the 
least label. 
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c. Distribution of label within plants 
In five out of seven occasions there was more label 
detected in roots of the dry treatment. This result has been 
recorded by Sabbe and Cathey (1969) with cotton and by Finn and Brun 
(1980) in soybean. One explanation for this finding may be that the 
roots were a stronger sink on the plants in the dry treatment 
because they were more able to grow i.e. the roots were nearest to 
the most limiting factor (water) so they had the highest turgor. 
Slatyer (1967) showed a water potential profile from soil to leaf 
and presumably the turgor profile within the plant is similar, and 
roots have been shown to have osmotic adjustment (Sharp and Davies 
1979). Brouwer and De Wit (1968) have used this explanation for 
root/shoot ratios in response to various environmental factors. The 
amount of label found in roots always originated in greatest 
quantities from younger and lower leaves confirming earlier findings 
for cotton and other species (Tuichbayev and Krizhililn 1965; 
Thrower 1962; Biddulph and Cory 1965; Khan 1981). Export from a 
leaf was always in both the upward and downward direction, although 
the relative extent varied with leaf age, position and treatment. 
Bhatt (1976) found that mainstem leaves did not export in the upward 
direction, a result that is difficult to understand. 
With the exception of roots as already mentioned, there was 
no consistent difference between the wet and dry treatments in the 
distribution of 14c label between reproductive and vegetative 
plant parts. This result was not expected and the significance is 
emphasised by the reduced absolute amount of photosynthesis and leaf 
size in the dry treatment. 
d. Distribution of label between fruit 
Lang (1978) concluded that translocation rate is normally 
under the joint control of source, path and sink regions of the 
plant. In the experiments reported here, distance between source 
and sink was a prime determinant of the specific activity and 
percentage of 14c detected after 24 h in sinks. Sink size can be 
inferred as being of some importance as the slope of distribution 
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from .a leaf in the upward direction (i.e. to smaller sinks), was 
more negative than in the downward direction (i.e. to larger 
sinks). Although there are probably other factors involved in this 
f 
difference in direction, the magnitude of this efect was only about 
half that of the distance effect. A lack of a strong distance 
effect also can indicate that there are alternative sources for the 
distant sinks, and this is certainly the case with cotton, where all 
fruit have their own subtending leaf. This conclusion is different 
to that of Cook and Evans (1978) with wheat, who decided that sink 
size was more important in determining competitive success for 14c 
label than distance. In general therefore it is obvious that both 
sink size and distance have an influence (Patrick 1972) and the 
relative magnitude of importance will vary with experimental 
conditions. 
The multiple regression approach was convenient to quantify 
and summarise effects of direction of movement and treatment on the 
pattern of movement between fruit. The most dramatic effect was a 
positive slope downwards from a water stressed leaf to lower bolls. 
All other instances had a negative slope. Therefore it appears that 
these lower bolls have benefitted from the greater distribution to 
roots. 
The phyllotactic effect is a well documented result in many 
species (Ting 1963; Joy 1964; Brown 1968, 1973a; Sabbe and Cathey 
1969; Prokof'ev et al. 1971; Patrick 1972). The effect was still 
evident for distribution and redistribution for up to 83 days and 
illustrates the strong effect that vascular connection plays in 
determining the pattern of assimilate movement. It also emphasises 
the weak tangential leakage in unmodified plants. 
E. Effect of nitrogen status 
1. Methods 
A pilot experiment was done to determine the amount of 
nitrogen in the potting mix. Plants were grown in 10kg pots with a 
potting mix where the usual N:P:K fertilizer was replaced with 
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super~hosphate -1 (0.7 g 1 ), so no nitrogen was added. By 100 days 
the nitrogen uptake (roots + tops) was only 70 mg N (11.2 g dry 
weight at O. 63% N). The nitrogen uptake of plants supplied with 
nitrogen was 1909 mg N (93.1 g at 2.05% N). 
The pattern of nitrogen uptake of a cotton plant was 
estimated as follows: the data from the carbon (dry weight) budget 
of individual plant organs (Section 6), was combined with published 
data on nitrogen percentage of plant parts (Jones et al. 1974; 
Thompson et al. 1976). The daily uptake from these calculations is 
shown in Fig. 7-10 and the range of values up to 100 mg N a-l 
100 
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Figure 7-10. The calculated net uptake of nitrogen by 
cotton plants. Data derived by the product of dry 
weight of plant parts in the carbon budget (Fig.6-3) 
and the nitrogen content of plant parts (Thompson et 
al. 1976). 
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com pa r_:es well with measured values (Wadleigh 1944; Jones et al. 
1974). The net gain in nitrogen declines to below zero after 100 
days since loss of nitrogen in shed leaves exceeds the gain in 
growing fruit. This pattern of uptake was checked in the pilot 
experiment by supplying nitrogen in solution ( 30 to 60 g NH
4
No
3 
per litre) at the calculated daily rate. It was found that normal 
sized plants could be grown by this method, and nitrogen deficiency 
symptoms could be induced within ten days of terminating nitrogen 
supply. 
In experiment 7-3, plants were grown in 30 kg containers in 
potting mix without nitrogen. Based on the pilot experiment, this 
container would have about 200 mg N available for plant uptake. A 
lxlO cm plastic tube was permanently placed in the centre of each 
container to apply nitrogen solution 10 cm below the soil surface. 
Nitrogen was applied in the pattern shown in Fig. 7-10 until 54 days 
from sowing when treatments were initiated. Treatment Nl had no 
more nitrogen applied while treatments N2 and N3 were given average 
and high rates of nitrogen as shown in Table 7-8. 
On day 75 four replications of each nitrogen treatment were 
labelled with 14co2 as in the previous experiment. Mainstem 
leaf 10, age 32 days was labelled between 0800 and 1400 h, and after 
24 h the plants were harvested and assayed as before. 
Table 7-8. Nitrogen treatments in experiment 7-3 
Treatment Average daily nitrogen application Total 
mg d-1 mg 
day 0-54 day 54-65 day 65-75 day 0-75 
Nl 29 1566 
N2 29 43 41 2879 
N3 29 43 112 3589 
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2. Results 
a. Growth 
These short duration nitrogen treatments had no significant 
effect on total dry weight by the time of harvest. The overall mean 
was 81. 5+ 3. 3 g • There was an indication that plants grown at the 
low nitrogen supply (Nl), had slightly smaller squares at the top of 
the plant. For example, the square at node 16 was 88+28, 117+13 and 
139+29 mg dry weight in Nl, N2 and N3 respectively. 
b. Distribution of label 
Plants grown at Nl had a slightly greater proportion of 
label in lower fruit and roots than N2 or N3 (Table 7-9). The N3 
treatment had a very high retention of activity in the labelled 
leaf. The pattern of distribution of label between bolls was 
analysed by multiple regression as in the previous experiment. The 
regression coefficients from these regressions are summarised in 
Table 7-10. There was very little activity found in bolls above the 
labelled leaf in any nitrogen treatment and as found in the previous 
experiment, there was a smaller effect of angle type for bolls above 
the labelled leaf than below. 
3. Discussion 
Reduced size of upper squares in Nl was consistent with the 
expected nitrogen response (Hearn 1975a), as this was the first 
Treatment 
Nl 
N2 
N3 
Table 7-9. Percentage distribution of 14c 24 h after 
labelling leaf 10 at age 32 days, as affected by 
nitrogen treatment. Treatments described in Table 
7-8. Total label applied was 2191+96 cpm x 10-3 
% of total 14c after 
At labelled node Above node 
Leaf Fruit Fruit 
37+5 
34+3 
51+7 
6.5+3.9 
15.7+2.6 
9.8+3.3 
0.5+0.2 
o.4+0.1 
1.o+0.6 
24 hours 
Below node 
Fruit 
24+4 
22+5 
19+3 
Roots 
7.7+1.2 
5.o+o.3 
4.9+0.6 
Rest of 
Tops 
25+5 
1 3+3 
15+2 
Direction 
UP 
DOWN 
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Table 7-10. The effects of nitrogen treatment and 
direction on the regression coefficient for distance 
between labelled leaf and each fruit. 
Treatment Mean 
Nl N2 N3 
-0.779 -1.014 -0.876 -0.890 
-0.067 -0.581 -0.296 -0.315 
expression of nitrogen deficiency. A greater proportion of 14c 
label was recovered in the lower bolls and roots of Nl, again as 
expected, since this was a similar competitive situation to water 
deficit i.e. the roots were closest to the factor in limiting 
supply. Similar responses have . been found by Troughton (1956), 
Brouwer (1962), Brouwer and De Wit (1968) and Mansi and Murata 
(1969). Although an effect might have been expected, there was no 
difference between nitrogen treatments in the pattern of activity 
between fruit above the labelled leaf. Furthermore, there was less 
distribution to upper bolls in this experiment than in the previous 
ones (c.f. Tables 7-1, 7-3). It is possible that providing plants 
only with their solution was restricting uptake to the extent that 
even treatment N3 was deficit. 
F. Effect of shade and water stress 
1. Methods 
Plants were grown in 10 kg containers to impose short term 
treatments in experiment 7-4: 
a. C.Ontrol. Standard watering and growth conditions. 
At the commencement of the experimental period, these plants were at 
a size where it was necessary to water each day. 
b. Shade. These plants were watered normally but placed 
in shade for 24 h before and 24 h after labelling. A darkened 
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corner was 
shadecloth 
created in the glasshouse by using plastic sheeting and 
E -2 -1 to limit quantum flux to 1. 4-1. 9 m d • As 
calculated in section 3, this degree of shade would be below 
compensation for a leaf, but there were periods within each day when 
the quantum flux was up to 120 ?E m-2s -l and the leaf studied 
would be exporting carbohydrate. 
c. Dry. The last water was applied two d before 
labelling. Thus by the time of harvesting the plants had undergone 
a short (3 day) but severe drying cycle, contrasting with the long 
(17 day) drying cycles imposed in experiment 7-2. 
Four replications of these treatments were labelled with 
on two occasions as in experiment 7-2. Leaf 5, age 40 
days and leaf 10, age 31 days were labelled. The shade treatment 
was labelled at 100 pE m - 2s -l -and control and dry treatments at 
1800 fE m - 2s -l. After 24 h plants were harvested and assayed as 
before. 
2. Results 
a. Growth. 
The short term shade and <lry treatments only reduced total 
dry weight by 8%, although the actual reduction varied from 4 to 12% 
between different occasions (Table 7-11). The reduction in weight 
was mainly shown in fruit in dry plants and in vegetative material 
in shaded plants, although the latter effect was variable. 
b. Distribution of label. 
Leaves from the shade treatment retained a much lower 
proportion of the total label than control o r dry treatments (Table 
7-12). As found in earlier experiments, roots from dry plants had a 
higher proportion of the label. Both the shade and dry treatments 
had a greater proportion of the label in fruit above the labelled 
leaf. The pattern of distribution of label between bolls was 
analysed by multiple regression as before. Table 7-13 summarises 
Part 
Fruit 
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Table 7-11. Dry weights (g) of short term shade and water 
stress treatments imposed on two occasions. Mean and 
standard error of four plants. Figures in brackets 
are the average percentage reduction in dry weight 
relative to the control treatment. 
Control Shade Dry 
day 65 day 71 day 65 day 71 day 65 day 71 
9+1 19+2 11+1 16+2 (6) 7+1 16+2 (19) 
- - - - -Vegetative 61+5 63+5 53+6 56+5 (12) 55+4 62+3 ( 6) 
Roots 
Total 
Leaf Age 
(d) 
5 40 
10 31 
Direction 
Up 
Down 
- - - - -lo+l 9+4 lo+l 9+1 (3) 9+1 lo+l (O) 
8o+6 91+7 74+6 8o+3 (10) 71+4 87+5 (8) 
Table 7-12. Percentage distribution of 14c 24 h after 
labelling. Treatments W (Control), S (Shade) and 
D (Dry) were imposed on two separate occasions to 
label leaf 5 or leaf 10. Mean and standard error 
of four plants. _ 
% of total 14c after 24 hours 
Treat- At labelled Above Below Rest 
ment node of 
Leaf Fruit Fruit Fruit Roots Tops 
w 30+3 44+5 3.9+1.8 6.5+006 16+2 
s 17+3 59+1 10.7+1.8 3.7+0.3 9+1 
D 36+8 27+14 13.1+6.4 9.7+2.6 14+3 
w 3o+3 9+ 3 0.9+0.1 27+6 1.3+0.7 32+5 
s 12+1 18+3 5.0+2.9 43+12 1.4+0.5 2o+7 
- - - -D 27+6 7+3 3.9+1.5 23+8 4.3+1.3 37+5 
Table 7-13. The effects of treatment and direction 
on the regression coefficient for distance between 
labelled leaf and the percentage of 14c in each 
fruit. The 'up' direction data are the average of 
leaf 5 and leaf 10. 
Control 
-0.737 
-0.362 
Treatment 
Shade 
-0.794 
-0.219 
Mean 
Dry 
-0.578 -0.703 
-0.198 -0.260 
116 
the results. The boll adjacent to the labelled leaf generally had 
the greatest proportion of label, although boll 7 also had a h i gh 
proportion when leaf 10 was labelled. There were smaller 
differences between the treatments in the pattern of distribution in 
fruit. The amount of label in fruit above the labelled leaf was 
less than found in experiment 7-2 but similar to the nitrogen 
treatments in experiment 7-3. This difference between experiments 
is evident in the magnitude of the regression coefficient for 
distance (c.f. Tables 7-7, 7-10 and 7-13). 
3. Discussion 
Both the shade and dry treatments imposed were severe and 
short term. Light receipt in the shade treatment (less than 2 E 
m -
2d-l) was below compensation as calculated in section 3 ( 4. 5 E 
m-
2d-l). The low retention of activity in the labelled leaf of 
the shade treatment indicates that very little of the 14c was kept 
in the leaf for growth or storage. This is consistent with the dry 
weight data: there was a loss in stem weight in the shade treatment 
which might indicate mobilisation of stem reserves to maintain 
growth of the lower (older and larger) bolls. This result was 
different to that of Rabey and Bate (1978), where label was found in 
vegetative parts after an extended period of darkness and not in 
fruit. This was interpreted as investment in compensatory growth. 
In the present experiment, there was less activity in vegetative 
parts and upper fruit, indicating that there was no investment in 
compensatory growth, but rather an attempt to 'finish' the biggest 
bolls on the plant. 
The dry treatment had more label in the roots than did the 
controls and the distribution of activity to lower bolls was 
greater. However, the smaller difference in the slope down and the 
lack of difference in upper distribution, indicates that this quick 
dry treatment did not show the full expression of the effects found 
in the larger containers of experiment 7-2 · A similar conclusion 
can be drawn from the cotton experiment of Sabbe and Cathey (1969), 
who found more 14c label in roots of a quick dry treatment (using 
osmotic solution), but no apparent difference between lower bolls. 
117 
This 1ndicates that the greater activity in lower bolls was not a 
'passive backwash' from the mainstream of assimilates on the way to 
roots, but an active maintenance as sinks in being able to grow and 
attract assimilates. Osmotic adjustment probably plays an important 
part in the maintainance of sink strength and the quick dry 
treatment did not allow enough time for osmotic adjustment to occur. 
G. General Discussion 
When an expanding leaf was labelled with the 
majority of this label after 24 h was still either in the leaf 
itself, or in the associated stem and branch segment. This 
situation would arise if growth at each node was mainly supported by 
the local leaves. 
The export of 14c from a mainstem leaf to the first fruit 
on that node increased as the leaf aged. 
experiments is summarised in Figure 7-11. 
The data from all 
Water stress, shade, 
varying experimental conditions (light, container size) had no 
consistent effect on the pattern. A leaf less than 30 days old had 
no more than 30% of its export in the adjacent fruit, but at 50 days 
this proportion had increased to almost 80%. Such a pattern is 
understandable when the relative carbon supply by this leaf and the 
carbon requirement by the fruit are compared (Fig. 6-2): the carbon 
production of a 40 day old leaf cannot support the requirements of a 
boll, so it is reasonable to expect that a large proportion of the 
export from this leaf would be found in that boll. Other mainstem 
leaves are also contributing to the growth of this boll. It is 
emphasised that Fig. 7-11 refers to the percentage of amount 
exported and not to absolute amount: i.e. for a 60 day old leaf, 
nearly 80% of export was found in the adjacent boll. However, the 
h 
absolute rate of photosyntesis was reduced by 80% (see Fig. 3-1 for 
I\ 
photosynthesis and Fig. 3-9 for calculated export). This aspect is 
probably associated with the variation in percentage export for a 60 
day old leaf. Obviously, if the boll requirement drops to less than 
local production, there will be less export to the boll. The 
recently published data of Peoples and Matthews (1981) shows the 
same trend. 
noteworthy: 
The data for a leaf subtending the fruit is 
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Figure 7-11. The relationship between leaf age and the 
proportion of the 14c export from that leaf found 
in the adjacent fruit. Pooled data from all 
experiments, each point is the mean of at least four 
plants. Symbols: 
•, WET treatments, all experiments. 
O, DRY treatments, all experiments. 
£., NI; T N2; • N3, experiment 7-3. 
X,SHADE treatments, experiment 7-4. 
Equations: Y = -5.o+0.81X; r2=Q.48; for X<28, 
Y = 75.7 ; R2=Q.89 for X~28. 
1+1897 exp(-0.226X) 
(Table 7-1) most of the export went to the fruit, even for a 
relatively young leaf (also demonstrated by Peoples and Matthews 
(1981)). Again, the relative production and consumption of carbon 
will be important in determining this pattern. The leaf subtending 
the fruit is smaller, so the absolute amount of export is small 
compared to a mainstem leaf. 
the fruit. 
Furthermore, this leaf is closer to 
There was a strong effect of phyllotaxis on distribution 
patterns in every experiment, although the effect was less for 
export in the upward direction. The overall result emphasises the 
overriding influence of vascular connection in determining patterns 
119 
of distribution and redistribution. Ting (1963) and Brown (1968) 
have illustrated how the vascular strands in cotton are arranged 
vertically. In practice, it is this vertical a1ignment that results 
in field plants growing on the edge of a gap being larger on the 
open side. 
The distribution of label from a leaf to fruit in general 
was not greatly affected by water stress or nitrogen, (e.g. Table 
7-3) confirming dry matter distribution patterns in field studies 
(Constable and Hearn 1981). However, distribution between fruit and 
roots on a plant was affected - with lower fruit and roots obtaining 
a larger proportion of the label during reduced water availability. 
This result with 14c distribution was consistent with the measured 
shoot to root ratios (Fig. 7-7). 
The significance of these changes in percentage 
distribution between sinks on the absolute changes in carbon 
distribution can be examined by using results from the carbon 
budget. Given a hypothetical plant with a leaf age profile ranging 
from 48 days at node 1, to 2 days at node 15 and with a leaf area 
profile and daily rates of net carbon gain as presented in Section 
6, the absolute amounts of carbon arriving at each sink can be 
calculated. The coefficients found from the regression analysis 
(equation 7-1) were combined with . the calculated daily carbon gain 
by each leaf (i.e. the product of leaf area and integrated daily 
photosynthesis). The intercept from equation 7-1 was taken as the 
proportion of export found in adjacent fruit as presented in Fig. 
7-11. Roots were considered to be at node zero. These calculations 
were done with a FORTRAN program called ALLOC which is listed in 
Appendix III. 
Figure 7-12 shows the distribution of carbon from node 9 on 
the hypothetical plant. Node 9 and node 6 (on the same side of the 
stem below) have the majority of carbon. The smaller ef feet of 
phyllotaxis for distribution in the upward direction is offset by an 
increased effect of distance, so that nodes 10, 11 and 12 have 
similar amounts of carbon. The percentage of calculated export from 
each node to the roots was greatest for lower nodes (Fig. 7-13), but 
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Figure 7-12. The calculated distribution of carbon from 
node 9, age 20 days, to roots Cl) and all fruiting 
nodes. Data derived by the use of the regression 
coefficients for 14c distribution from the WET 
treatment given in Table 7-7. 
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Figure 7-13. The calculated carbon export from 
each node to roots, expressed in absolute units (mg) 
and as a percentage of each nodes' production (%). 
Data derived by the use of the regression 
coefficients for 14c distribution from the WET 
treatment, as given in Table 7-7. 
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the absolute amount was greatest from nodes in the middle region of 
the plant. 
The calculated influence of varying the regression co-
efficients for distance as found in the water status study (Expt. 
7-2) and the nitrogen status study (Expt. 7-3) are shown in Figures 
7-14a-d. For a plant with standard conditions, the calculated 
production and distribution were reasonably matched, except that 
upper nodes obtained more carbon than they produced, offsetting the 
opposite effect in the middle region (Fig. 7-14a). Roots obtained 
a bout as much carbon as an individual node. For a plant with 
distribution as found in water and nitrogen treatments, the amounts 
obtained by the roots were increased at the expense of upper nodes 
(Fig. 7-14b,c). It is not normal for a plant to suddenly experience 
such a large change in nitrogen or water status, so Figure 7-14d 
shows the calculated distribution for a plant that has undergone a 
slow drying cycle. In this case, upper leaf expansion and unfolding 
have been decreased, so that total carbon fixation by the plant has 
been reduced. However, the amount obtained by the roots is similar 
to that in a standard plant (Fig. 7-14a) and these calculations 
confirm the higher root weight/shoot weight ratios and even higher 
root weight found in the dry treatment at 40 days from sowing (Fig g 
7-7). 
A notable feature of these calculated patterns of 
distribution is that there is a smooth transition from one node to 
the next in total distribution, despite effects of phyllotaxis from 
each node (c.f. Figs. 7-12 and 7-14a). Thus the phyllotaxis effects 
from each individual node balance out because this hypothetical 
plant is symmetrical. 
It is concluded from these calculations that this approach 
to distribution might be useful in simulation studies where it is 
desirable to predict the relative supply of carbon to individual 
fruit and to roots. 
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(a) ( b) 
(c) (d) 
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CARBON SUPPLY mgd-1 
Figure 7-14. The calculated total carbon supply to roots 
(R) and all fruiting nodes (histograms) from a given 
profile of carbon production (solid curves). Data 
derived by the use of regression coefficients for 
14c distribution from different treatments. 
(a) For the WET treatment in Table 7-7. 
(b) For treatment Nl (low nitrogen) in Table 7-10. 
(c) For the DRY treatment in Table 7-7, using the 
same carbon supply as in (a). 
(d) As in ( c) but with a reduced carbon production 
to simulate the result of a long drying cycle. 
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SECTION 8. DISTRIBUTION OF SOIL-APPLIED NITROGEN 
A. Summary 
15N fertiliser was introduced into the soil on two 
occasions during plant growth. Treatments involving water stress 
and nitrogen rates were applied on these occasions. 
During water stress a greater proportion of the applied 
15N was found in the fruit and less went to the terminal. The 
pattern of distribution among bolls was identical regardless of 
water treatment. With higher nitrogen applications, the upper bolls 
obtained a slightly higher proportion of 15N. These results are 
discussed in · relation to the expected distribution of reduced 
nitrogen from leaves. 
B. Introduction 
Most of the results in this project have been concerned 
with the production and consumption of carbon. Protein is also a 
vital component of a cotton boll, with 48% of the total boll weight 
being seeds (Section 5), with a nitrogen percentage of about 4% 
(Jones et al. 1974). 'Illerefore, a boll will contain about 150 mg N, 
equivalent to an average daily import of 3 mg N per boll. With an 
average daily uptake during boll filling of 30 mg N per plant (see 
Fig. 7-10), this sets an upper limit of 10 bolls per plant that can 
be supported at any one time. However, there can be considerable 
redistribution of N within a plant that can supplement this uptake. 
Since reduction of nitrate occurs mainly in the leaves (Radin and 
Sell 197 5, Radin 1977), it may be hypothesised that the 
instantaneous N distribution within the plant would show a similar 
response to water stress and N application rate as found with a 
14c label from leaves. 
This section presents results from an experiment in which 
15N fertiliser was applied to cotton plants. The distribution of 
15N was measured in response to water stress, N level and stage of 
growth. 'Ille results are compared with the expected patterns of 
14c distribution. 
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c. Methods 
1. Culture and treatments 
The plants used for the 15N labelling were from the same 
batch as Experiment 7-3, i.e. 30 kg. containers of potting mix with 
no added nitrogen. Plants were labelled with 15N on two occasions: 
a. Day 53, when the boll at node 5 was 2 days old. 
These plants had been given a total of 1.0 g N to day 41. Labelling 
consisted of applying 20 ml of 30 mg ml -1 of 15NH15NO 4 3 
(210 mg N) (5.6% enrichment with 15N) to a point 10 cm below the 
soil surface. There were three replications of two treatments: 
(i) Wet - normal watering every two days. 
(ii) Dry the last water was given on day 46. Water 
availability was determined by weighing the containers as in 
experiment 7-2. By the day of labelling, the plants had 41% of 
available soil water remaining. On the day of harvest, the plants 
in this treatment had 13% of available soil water. 
b. Day 7 6, when the boll at node 5 was 25 days old and 
at node 10 was 13 days old. These . plants had been given 2.0 g N to 
day 62. There were three replications of two treatments with 
standard watering: 
(i) 
(ii) 
-1 15 N - twenty ml of 30 mg ml of the N source. 
2N - forty ml of the same solution. 
On each occasion, unlabelled NH4No 3 was added to three more 
replications of each treatment to determine background levels of 
15N in each plant part. 
All plants were harvested 4 days after application of 
Each plant was separated into: individual fruit at nodes 5 
to 10, the growing terminal with unfolded leaves, and the rest of 
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the tops. Each part was dried at 80°c for 48 h before weigh ing 
and then grinding. 
2. Chemical analysis 
A 300 mg sample of each plant part was digested by the 
Kjeldahl method (Williams and Twine 1967; Bergersen 1980) with 5 ml 
of digestion mixture (1.0 
selenium) at 330°c for 1-2 h. 
1 1. 0 g 
After cooling, the digest was made 
up to 100ml. Small squares were digested at half scale with all 
reagents. 
A 2 ml sample of this digest was taken for determination of 
total N with a Technicon autoanalyser (Williams and Twine 1967). 
A 10 ml sample of this digest was distilled into 2% boric 
acid, then evaporated down to 2 ml for analysis of 15N in a 
Micromass 903 mass spectrometer. The methods for distillation and 
analysis of 15N samples are those outlined by Bergersen (1980). 
3. Calculations 
The output from the mass spectrometer was delta, the ratio 
of 29 28 . N2 to N2 of the sample relative to reference air 
Atoms percent 15N (atoms%) was calculated as: 
0.3663 (1.0 + (delta/1000))-0.368 
Where O. 368 is the atoms % of plants not labelled with 15N. This 
value is derived from both labelling times and for all plant parts. 
The standard error of this mean was 0.0002. 
15 N uptake was calculated as: 
Atoms% N% W / 10000 g 
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where - w is the dry weight of the plant part, and N% is the nitrogen 
percentage. The total 15N uptake was calculated by summing the 
individual uptake for each part, and the results are expressed as 
percent of the total uptake. 
D. Results 
1. Stage 1 - Effects of water stress 
Table 8-1 shows the distribution of 15N label between the 
terminal and bolls for the wet and dry treatments. There was 
severely reduced uptake of the label in the dry treatment. It is 
felt that this was due to the method of application, as the region 
where 15N was applied was dry and away from the active root zone. 
Within a plant there was no difference between any of the plant 
parts except that the terminal had a higher atoms% especially in the 
wet treatment. Of the 15N taken up, the fruit in the dry 
treatment had a greater proportion than in the wet treatment. This 
difference was at the expense of the terminal. 
Table 8-1. Distribution of lSN-labelled fertiliser 
Plant part 
Terminal 
Fruit at node 10 
9 
8 
7 
6 
5 
Rest of tops 
N uptake (mg) 
between terminal, fruit and vegetative parts as 
affected by moisture treatments at the early 
flowering stage. N uptake refers to the recovery 
of 210 mg N as 15NH4 lSN03 after 4 days. 
Mean and standard error of three plants. 
Atoms% excess 15N Distribution of uptake(%) 
Wet Dry Wet Dry 
0.37+0.17 0.04+0.0l 11.4+2.2 7.7+2.l 
- - - -0.07+0.03 0.01+0.01 0.2+0.2 o.s+o.2 
o.os+o.02 0.01+0.01 0.2+0.1 0.6+0.2 
- - -0.08+0.04 0.01+0.01 o.4+0.1 0.8+0.3 
-0.08+0.03 0.01+0.01 0.6+0.2 1.o+0.3 
0.08+0.04 0.01+0.01 0.6+0.2 0.8+0.2 
- -0.08+0.04 0.01+0.01 0.6+0.2 0.9+0.3 
-0.18+0.08 0.02+0.01 86.o+2.l 87.7+2.l 
26 2 
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2. Stage 2 - Effects of nitrogen supply 
There was greater 15N uptake at the higher N rate, 
although the percentage recovery was the same (Table 8-2). In 
contrast to stage 1, upper bolls had higher atoms%, and absolute 
amounts of 15N than lower bolls, especially at the higher N rate. 
Table 8-2. Distribution of 15N-labelled fertiliser 
between terminal, fruit and vegetative parts as 
affected by nitrogen rate (N and 2N) at the rapid 
boll filling stage. N uptake refers to the 
recovery of 210 or 420 mg N as 15NH!5N03 
after 4 days. Mean and standard error of thre ·= 
plants. 
Atoms% excess 15N Distribution of uptake(%) 
Plant part N 2N N 2N 
Terminal 0.19+0.07 0.28+0.07 2.1+0.2 1.4+0.3 
- - - -Fruit at node 10 0.12+0.06 0.24+0.10 2.8+0.3 4.5+0.8 
9 0.11+0.05 0.17+0.08 3.1+0.5 3.4+0.3 
8 0.07+0.03 0.13+0.07 2.7+0.5 3.1+0.3 
- -
7 0.06+0.04 0.09+0.06 2.7+0.9 2.1+0.8 
6 0.04+0.02 o.o5+o.o3 1.9+0.3 1.8+0.4 
5 0.03+0.0l 0.06+0.03 1.6+0.1 1.6+0.2 
- -Rest of tops 0.07+0.02 0.11+0.04 83.2+2.l 82.0+l.5 
N uptake (mg) 16 33 
3. Effect of stage of growth 
The wet treatment at stage 1 and treatment N at stage 2 
gives a comparison of similarly managed plants. There was a reduced 
absolute uptake at the second stage and a greater proportion of this 
uptake was found in the bolls. C.Omparison of ~olls within the plant 
shows that fruit from 10 days before flowering to 2 days after had 
equal atoms%, but there was a decline in atoms% between 13 and 25 
days after flowering. 
E. Discussion 
The expected route of absorbed nitrogen would be as 
follows: of the nitrate taken up by the roots, an amount equivalent 
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to root requirement would be reduced there (Radin 1977). The 
remainder would travel in the xylem to the tops, where reduction 
occurs mainly in the leaves. C.Otton is one species which has large 
amounts of nitrate in the transpiration stream. This characteristic 
has been utilised by monitoring petiole nitrate levels as a guide to 
nitrogen nutrition and field fertiliser recommendations (MacKenzie 
et al. 1963). The reduced nitrogen in excess of the leaf's 
requirement is exported in the phloem to fruit and other growing 
points. Relatively little nitrate reduction occurs in the fruits 
(Radin and Sell 197 5). Some reduced nitrogen may be exported back 
to the roots. The major nitrogen carrier in the phloem is probably 
asparagine (Guinn and Brinkerhoff 1970; Elmore and Leffler 1976; 
review by Radin and Elmore 1980). On the basis of this proposed 
route, the nitrogen might be expected to be distributed in the same 
pattern as carbohydrate: i.e. during water stress and low nutrient 
treatments, the lower fruit might obtain an increased share of 
reduced nitrogen (section 7). 
In the data reported here, atoms% can be considered as a 
measure of sink strength, in that this is the concentration of the 
15N label applied and detected after 4 days. The data generally 
to the expected pattern: the majority (80-90%) of the conforms 
15N was in the vegetative parts of the plant. The terminal was 
the strongest sink on the plant for 15N, but its relative strength 
was reduced by water stress, low nitrogen and advancing stage of 
stronger 15N sink than the vegetative parts growth. Bolls were a 
only at the second stage, and only for upper bolls at the higher N 
rate. This latter results indicates that during nitrogen deficit 
the lower bolls were more successful in obtaining N than upper bolls. 
The distribution between fruit at the first stage was not 
in the expected pattern as water treatment had no effect on atoms%. 
As mentioned previously, the method of nitrogen application meant 
that the nitrogen was being applied to a region of dry soil. 
The ref ore this treatment was nitrogen deficient as well as water 
stressed. Reduced nitrogen uptake from dry upper soil layers has 
been reported by Garwood and Williams (196 7). 
additional complication with the dry treatment 
An alternative or 
15 is that N uptake 
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and di-stri but ion may have been completed before the onset of the 
stress level that induced a change of distribution pattern. 
These data are not particularly conclusive for acceptance 
or rejection of the hypothesis that the distribution of reduced 
nitrate is the same as the carbohydrate from each leaf. It is 
certainly possible that the partitioning of carbon and nitrogen from 
a leaf is different, otherwise the nitrogen % of all plant parts 
would be the same. This is not the case, as roots and stems may 
have less than 1% N while leaves and fruit may have in excess of 3% 
N (1bompson et al. 1976). Therefore the plant has the ability to 
move N materials in greater amounts to some areas than others when 
compared to carbon. This difference in specific activity of 
distribution of 14c and 15N from a leaf can be illustrated with 
data from experiment 7-2 (Table 8-3). The specific activity of 
14c was affected by phyllotaxis _ but there was a marked decline 
with distance, as also noted with total amount (c.f. Table 7-7). 
Table 8-3. Distribution of 14c in fruit and vegetative 
parts, labelling leaf 5 on two occasions. Values 
are counts per min per 20 mg (specific activity). 
Specific activity 
Plant part Leaf age 21 days Leaf age 27 days 
Tops above node 5 402 341 
Fruit at node 10 364 421 
9 163 284 
8 413 469 
7 809 1024 
6 842 529 
5 1194 2237 
Tops below node 5 854 523 
These results and discussion have been concerned with 
nitrogen distributed immediately after uptake. Data from Thompson 
et al. (1976) indicate approximately half of the leaf nitrogen is 
redistributed during leaf senescence. Therefore the pattern of re-
distribution is equally important since this amounts to nearly half 
of the total N requirements of the bolls. 
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SECTION 9. EFFECTS OF MODIFICATIONS TO ASSIMILATE 
SUPPLY ON FRUIT GROWTH AND SURVIVAL 
A. Summary 
A total of five experiments examined the effects of shading 
whole plants and individual leaves and of ringing half the phloem 
area of fruit peduncles on fruit growth and survival. 
Shading whole plants with 64% shadecloth induced shedding 
of young squares from the lower nodes from 6 to 10 days after 
treatment. Removing individual leaves or shading them with foil or 
shadecloth only affected adjacent fruit growth when imposed on 
leaves with young squares nearby. Treatment at this time also 
markedly reduced growth of the mainstem segment and fruiting branch 
at this node. Treatment to leaves with older fruit nearby had no 
significant effect on these fruit. 
Ringing half of the phloem area of a peduncle also only had 
effects on very young squares. The combination of leaf removal with 
peduncle ringing had a greater effect than the sum of these 
treatments imposed singularly. 
It is concluded that the ~hloem connection between a young 
square and its local source of assimilates is inadequate to maintain 
normal transfer during conditions that decrease the assimilate 
supply. This interpretation can explain the loss of young squares 
when there is still sufficient assimilates for their current growth. 
B. Introduction 
Section 7 showed that 14 co label applied to a young 2 
leaf either stayed in that leaf or in the adjacent stem and branch. 
Distribution to fruit from a leaf declined logarithmically with 
distance from the leaf. Artificial modifications to plants have 
also been used to study the assimilate supply from leaves. Leaf 
removal studies have tended to support these 14co results in 2 
that removing leaves restricts the growth and survival of cotton 
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fruit - in the defoliated zone ( Johnson and Addicot t 196 7; Brown 
1972b; Langhe 1973). Langhe (1973) explained his result in terms 
of hormones: he did not discuss the role of leaves as a source of 
assimilates as others have done. Results with other species have 
also shown that partial defoliation reduces yield in that region 
(McEwan 1972; Clifford 1979). 
The experiments in this section explore the effect of 
shading whole plants or shading or removing individual leaves on the 
growth and survival of fruit. Of special interest is the implied 
importance of local assimilates for the growth and survival of 
vegetative and reproductive organs. 
c. Results 
1. Effect of shading the whole plant 
In two experiments (9-1 
covered with 64% shadecloth just 
flowering and left for 13-20 days. 
and 9-2) groups of plants were 
before or at the beginning of 
A further group of plants was 
kept as unshaded controls. Each plant was inspected every 2-3 days 
to count shed fruit. In experiment 9-1 an African cul ti var Al bar 
was included as this type is reputed to be more prone to shedding of 
young flowers (Malik et al. 1978). In experiment 9-2, the node 
position and approximate age of the shed fruit were also recorded. 
The cumulative fruit loss per plant from shaded and control 
plants is shown in Fig. 9-1. In both experiments the shaded plants 
began to shed fruit within 6 days, and in total at least three more 
fruit were shed from shaded plants than from controls. Figure 9-2 
shows that the majority of fruit shed from the shaded plants were 
squares more than 16 days from flowring. The fruit shed from 
control plants were nearer to flowering and were lost at a later 
time. The majority of shed squares on shaded plants were on the 
lower half of the plant, whereas in control plants the shedding was 
more evenly distributed with position on the plant (Fig. 9-3). 
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Figure 9-1. The effect of whole plant shading with 64% shade-
cloth on cumulative fruit loss. 
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(a) Experiment 9-1, grown in 30 kg containers, shading 
imposed for 13 days when leaf 5 was 20 days old. Symbols: 
0 - Control (unshaded), • Deltapine 16, • Al bar. Vertical 
bars indicate twice the standard error of the mean of 10 
plants in the control and 15 plants in shade treatments. 
(b) Experiment 9-2, grown in 10 kg containers, shading 
imposed for 20 days when leaf 5 was 28 days old. Symbols 
as in (a), 20 plants in the control and 40 plants in the 
shade treatment. 
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Figure 9-2. Frequency distribution of fruit loss by age, 
as induced by whole plant shading in experiment 9 -2. Fruit 
age measured as days to flowering, so negative numbers 
refer to squares. Hatched portion of histograms refers to 
fruit loss in the first 10 days after shading. Top of 
histograms refers to total fruit loss 21 days after shading. 
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2. Effects of shading and removing individual organs 
a. Treatments 
Leaves covered with foil. All leaves on the node 
were covered with an envelope of aluminium foil (i.e. 100% shade) at 
the specified time. This involved the mainstem leaf and all 
unfolded leaves on the fruiting branch. Any leaves that unfolded 
after the date of treatment were removed. 
ii. Leaves covered with shadecloth. All leaves on the 
node were covered with an envelope of 64% shadecloth. 
were also covered with shadecloth. 
New leaves 
iii. Leaves removed. All leaves on the node were removed 
by cutting at the junction of the blade and petiole. The petiole 
was usually shed in 7 days. 
iv. Fruit shading. A cone of aluminium foil was placed 
over the square or boll. This led to an almost total exclusion of 
light to the bracts and boll wall. It was noticed that the boll 
wall in particular turned yellow after more than 7 d of this 
treatment. No fungal disease was found on the fruit under the foil. 
v. Hot wire ringing. This treatment was imposed by a 
hot wire attached to a soldering iron transformer. The wire was 
shaped such that it was in contact with half the circumference of 
the fruit peduncle. Preliminary testing indicated that 3 s of heat 
was sufficient to kill the phloem on one side of the peduncle of a 
young square. If any more than 4 s was used, the whole peduncle was 
killed and the square shrivelled and died within 5 days. For a 
boll, 7 s was necessary to kill half of the phloem. The remaining 
half of the phloem developed normally and in fact, the ringed 
section developed new vascular tissue in about 14 days. 
In some experiments, leaf removal, fruit shading and 
ringing treatments were combined. 
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There were 8 to 12 plants per treatment and untreated 
controls randomised throughout the glasshouse in each experiment. 
b. Experiment 9-3 
Foil and shadecloth treatments were imposed on leaves at 
node 7 at four stages: 14 and 5 days before and 3 and 12 days after 
flowering of the first fruit on this node. The maximum size of all 
mainstem leaves and the dry weight of all the bolls on the first 
fruiting position were measured at boll burst. 
Covering leaves with foil 14 days before flowering resulted 
in a smaller yield of the boll at that node (Table 9-1). None of 
the other treatments had a significant effect, although there was a 
tendency for fruit from the shadecloth treatment at 14 days before 
flowering and the foil treatment 5 days before to be reduced in 
size. There was no consistent effect of the treatments on shedding 
of the fruit at the treated node. 
Table 9-1. The effect of shading the leaves on node 7 
with 64% shadecloth or with foil on the survival and 
size of fruit at that node at maturity. Fruit age at 
treatment expressed as days from flowering. Figures in 
brackets are the product of survival (100-shedding) and 
dry weight, expressed as a percentage of the control. 
Treatment and fruit age Shedding 
% 
Boll dry wt 
g seed cotton % 
Control 20 5.09+0.ll (100) 
Shadecloth -14 30 4.57+0.39 ( 79) 
-Foil -14 10 4.21+0.35 ( 93) 
Shadecloth 
- 5 0 4.06+0.19 (124) 
-Foil 
- 5 30 4.52+0.19 ( 7 8) 
-Shadecloth 3 10 4.79+0.ll (106) 
Foil 3 10 4.99+0.ll (110) 
Shadecloth 12 10 4.81+0.21 (106) 
Foil 12 10 4.75+0.16 (105) 
Bolls and leaves on other nodes were also slightly affected 
by the foil treatment 14 days before flowering: 
Position relative to node 7 
Bolls on same side of mainstem 
Bolls at 90° 
Bolls on other side of mainstem 
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nodes 
7, 10 
5, 9 
6, 8, 11 
relatave boll size 
o.89 
1.03 
1.16 
The boll at node 10 was also reduced in size by the foil treatment, 
but lower bolls on the other side of the stem (particularly on nodes 
5 and 6) were larger than in control plants. When leaves at node 7 
were covered with foil 14 days before flowering, the leaves on nodes 
8 to 13 were 19% larger (Fig. 9-4). Other treatments showed similar 
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Figure 9-4. Mainstem leaf area profile of the control 
treatment ( e) and for the treatment with all the 
leaves on node 7 covered with foil 14 days before 
flowering at that node (O). Vertical bars indicate 
twice the standard error of the mean of ten plants. 
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trends - in boll size and leaf area profile but to a decreasing extent 
with shadecloth and stage of growth. 
c. Experiment 9-4 
In addition to foil and shadecloth treatments, leaves were 
removed and fruit shaded at 23 and 13 days before flowering at node 
7. An additional leaf removal treatment was also imposed at 32 days 
before flowering, which was before the fruiting branch appeared. 
The dry weights of the boll, the mainstem node segment and the 
fruiting branch were measured 17 days after flowering at node 7. 
Leaf removal 32, 23 and 13 days before flowering and 
covering leaves with foil 23 days before flowering caused a high 
proportion of the squares to be shed (Table 9-2). Even the squares 
that were not shed were generally _reduced in size when leaves were 
removed. Covering leaves with shadecloth or squares with foil 
reduced boll size only when the treatment was applied 23 days before 
flowering. Covering both the square and leaves with foil reduced 
boll size when applied both 23 and 13 days before flowering and the 
effect was greater than when these treatments were imposed 
individually. 
Removing leaves had a large effect on the dry weight of the 
mainstem segment and fruiting branch (Table 9-2). The branch weight 
appeared to be very vulnerable to any treatment with even fruit 
shading resulting in reduced branch dry weight. 
d. Experiment 9-5 
Leaf removal, fruit shading and ringing treatments were 
imposed on various nodes from 26 days before to 13 days after 
flowering. Harvests were made at 7 days after treatment. On one 
occasion, treatments were duplicated and an additional harvest was 
made 35 days after treatment, when the boll was 9 days old. Two 
extra treatments were imposed on one occasion with harvests at 7 
days only: (a) Supplementary lighting 
3xl500W quartz-iodide lamps providing 
for 6 h from 1800 h with 
an extra 18 E m-2d-l as 
~ 
Table 9-2. The effect of leaf removal, leaf shading and fruit shading on 
Treatment and fruit age 
the survival and size of fruit at that node. Fruit age at 
treatment expressed as days from flowering. Boll dry weight 
measured 17 days after flowering. Also shown are dry weights of 
the mainstem node segment and of the fruiting branch at this time. 
Figures in brackets are the product of survival (100-shedding) and 
dry weight, expressed as a percentage of the control. 
Shedding Boll dry wt Mainstem Fruiting 
segment branch 
days from flowering % g g g 
Control 0 2.94+0.22 (100) 1.30-t.08 1.oo+.06 
- - -Leaf removal -32 so 2.01+0.47 ( 34) 0.79+.06 0.08+.02 
Leaf removal -23 62 2.57+0.33 ( 33) 1.02+.04 0.11+.02 
- -Foil on leaf -23 62 3.7o+0.61 ( 48) 1.18+.07 0.17+.04 
- . Shadecloth on leaf -23 12 2.39+0.39 ( 71) 1.34+.11 0.46+.07 
Foil on leaf and fruit -23 so 1.89+0.35 ( 32) 0.98+.08 0.11+.02 
Fruit shade -23 0 2.23+0.39 ( 76) 1.10-t.08 0.63+.07 
... 
-Leaf removal -13 67 3.11+0.20 ( 35) 1.11+.10 0.35+.06 
Foil on leaf -13 25 2.91+0.25 ( 74) 1.28+.09 0.57+.09 
-Shadecloth on leaf -13 12 2.79+0.32 ( 84) 1.14+.11 o.47+.o9 
Foil on leaf and fruit -13 25 1.93+0.13 ( 49) 1.14+.11 o.42+.os 
Fruit shade -13 12 2.76+0.15 ( 83) 1.29+.06 0.91+.08 
f-' 
w 
co 
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measured with a quantum sensor. (b) Removal of leaves at nodes 3 
and 4 as well as at node 6. Note that these leaves were all on the 
same side of the mainstem. 
Supplementary lighting increased square growth by 40% 
(Table 9-3). Leaf removal decreased square growth by 60% if leaves 
were removed from three nodes. 
Ringing half the phloem area of the peduncle reduced fruit 
growth on two occasions (Table 9-3). On both occasions, the square 
was more than 20 d before flowering. Ringing the peduncle of 
flowers or 13-day old bolls had no significant effect on their 
subsequent growth. Removing leaves as well as ringing the peduncle 
dramatically reduced subsequent growth of squares but not of flowers 
or bolls. Shading the fruit as well as ringing had no greater 
effect than either treatment impos~d individually. 
At the 35 day harvest (the fruit was then 9 days old), all 
treatments had an increased effect over the 7 day harvest due to 
shedding of fruit (Table 9-4). It was notable that ringing resulted 
in a significantly heavier branch weight at this node and a slightly 
( 
lighter mainstem segment. Shading fruit reduced its growth but 
other fruit on the branch were larger than in controls. Removing 
leaves and ringing the peduncle reduced fruit growth more than 
either treatment imposed individually. 
3. Dimensions of branch and peduncle 
The pattern of development of the length and diameter of 
the fruiting branch and peduncle are shown in Figure 9-5. These 
data are from plants in Experiment 9-5. Both the branch and 
peduncle had greater relative growth in length than in diameter. 
The dimensions of the branch were fully established by 10 d before 
flowering. In contrast, the peduncle continued to grow after 
flowering, particularly in length. there appeared to be a sudden 
rise in peduncle length after the branch finished growing - implying 
that the branch and peduncle were competing for assimilates. 
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- Table 9-3. The effect of leaf removal, fruit shading and ringing 
Fruit 
age(d) 
-26 
-22 
-20 
-20 
-19 
1 
13 
of the fruit peduncle on shedding and growth of the fruit at the 
same node. Fruit dry weight is the mean of surviving fruit 7 days 
after treatment; fruit growth is based on all fruit, with shed 
fruit as zero weight and analysed as sqrt (x+0.5). 
*,** denote significant difference from the control at the 5% and 
1% level respectively. 
Treatment 
Control 
Supplementary lighting 
Leaf removal on 3 nodes 
Leaf removal 
Ring peduncle 
Fruit shade 
Leaf removal+ ring 
Ring+ fruit shade 
Control 
Ring peduncle 
Leaf removal 
Fruit shade 
Leaf removal+ ring 
Ring+ fruit shade 
Control 
Ring peduncle 
Control 
Ring peduncle 
Leaf removal 
Leaf removal+ ring 
Control 
Ring peduncle 
Control 
Ring peduncle 
Leaf removal 
Fruit shade 
Leaf removal+ ring 
Ring+ fruit shade 
Control 
Ring peduncle 
Leaf removal 
Leaf removal+ ring 
Shedding Dry wt 
% mg 
0 
0 
0 
0 
0 
0 
9 
0 
0 
37 
0 
0 
60 
60 
0 
38 
,-'- 0 
0 
0 
63 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
58+5 
82+7 
24+6 
44+6 
54+7 
57+6 
39+7 
54+7 
9o+6 
7o+4 
82+8 
9o+3 
33+8 
63+9 
105+9 
113+5 
115+12 
93+11 
109+11 
78+19 
162+14 
169+9 
1301+118 
1434+159 
126o+ 86 
1387+101 
1184+ 57 
1402+116 
364o+290 
3540+317 
406o+283 
3740+378 
Growth 
mg d-1 %control 
7.0 
10.4** 
2.2** 
5.1 
6.4 
6.8 
3.8* 
6.5 
11.0 
4.4** 
9.8 
10. 9 
-0.2** 
1.9** 
10.4 
5.4 
13.6 
10.5 
12.7 
1.3** 
15.8 
16.8 
119 
138 
113 
132 
103 
134 
129 
114 
189 
143 
100 
149 
31 
73 
91 
97 
54 
93 
100 
40 
89 
90 
-2 
15 
100 
52 
100 
77 
93 
10 
100 
106 
100 
116 
95 
111 
87 
113 
100 
88 
147 
111 
~ 
Table 9-4. The effect of leaf removal, fruit shading and ringing of the fruit 
Treatment 
Control 
Leaf removal 
Ring peduncle 
Fruit shade 
Leaf removal+ ring 
Ring+ fruit shade 
peduncle on shedding and growth of the fruit at the same node (6), 35 days 
after imposing treatments. The fruit was a 9 day old boll by this time. 
Fruit dry weight is the mean of surviving fruit; fruit growth is based on 
all fruit, with shed fruit as zero weight and analysed as sqrt (x+O. 5). 
Also shown are dry weights of the mainstem node segment and of the 
fruiting branch and other fruit on this branch. 
*, ** denote significant differences from the control at the 5% and 1% 
level respectively. 
Shedding Fruit Fruit Mainstem Fruiting Other 
dry weight growth node branch fruit 
% mg mg/d mg mg mg 
0 724±102 20.4 1150+ 70 643±54 257+43 
55 606±160 9.1** 920± 40 85±19 0 
8 608± 89 15.7 1020± 60 809±51 259+40 
.. , 
30 544± 75 10.6* 1040±100 612±78 364±86 
64 623±223 6.2** 850± 50 54±15 0 
18 436+ 55 9.9* 960+ 40 475+55 181+57 
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Figure 9-5. Diameter (D - open circles and dotted lines) and 
length (L - closed circles and soild lines) of the first 
internode of the fruiting branch on node 7 and of the 
peduncle of the first fruit on that branch, in relation to 
the age of that fruit. Data expressed as a percentage of 
the dimension on the day of flowering. Pooled data for six 
plants. Curves drawn by hand, except peduncle length where 
separate linear regressions were fitted to the data to 
highlight the apparent increase in length when the branch 
reached full size. Absolute values at flowering: 
Branch: length 9.6l+0.83cm; diameter 0.39+0.0lcm. 
Peduncle: length 1.53+0.lOcm; diameter 0.33+0.008cm. 
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E. Discussion 
A frequent problem with experiments artificially modifying 
plant parts is that of compensation. These experiments have not 
been an exception. Decreasing the capacity of leaves at a node to 
produce carbon has influenced more than the fruit at that node. 
Fruit on the other side of the stem (text table this section, and 
see section 7 for phyllotaxis effects on 14c distribution) and 
further along the fruiting branch (Table 9-4), have also been 
affected by the treatment. There have also been changes to the size 
of vegetative parts at many positions on the plant, with larger 
leaves at subsequent nodes (Fig. 9-4), or smaller mainstem segments 
and fruiting branches (Tables 9-2 and 9-4). Thrower (1964) measured 
similar responses in soybean and one explanation for this result is 
competition between expanding leaves for assimilates and other 
products. All of these compensat!ons can reduce the effect of a 
treatment at the treated position and so complicate interpretation. 
In later experiments it was decided to measure fruit growth over a 
short period after treatment ( 7 days), so as to record only the 
early response. 
A further complication with · studying growth of small 
squares was shedding. Although a real response to the treatment, 
shedding introduced large variations in dry weight of treated fruit 
between plants, hindering statistical interpretation. These types 
of experiments need repeating in situations where 100 plants, rather 
than 10, can be sampled. 
As might be expected, the shadecloth treatment had the 
least effect and leaf removal the greatest. The intention of these 
treatments was to modify carbon supply at a specific location on the 
plant but other products would also be affected. Removing an 
expanding leaf will remove a sink and perhaps increase available 
assimilates at that point. Removing an expanded leaf will reduce a 
source of nitrogen reduction and nitrogen remobilisation. 
Furthermore a leaf can be a source of hormones. Thus, all of these 
factors can reduce the value of interpretation on the basis of 
carbon. 
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The clear result is that shading or removing a young leaf 
has reduced the growth of the associated stem and particularly the 
fruiting branch (Tables 9-2 and 9-4). The inference is that each 
leaf is responsible for providing carbon for the growth of the stem 
and branch near it 
14 co2 experiments. 
confirming a similar conclusion from the 
The plant response to shade was to shed young squares from 
lower nodes. Mason (1922) also showed that these young squares are 
the most vulnerable to shedding. Furthermore leaf shading or 
removal had the greatest effects when imposed on squares at least 20 
days before flowering. It is logical that a plant would shed the 
smallest squares first, since these are the organs that have had the 
least investment. The fact that it is logical does not imply the 
direct mechanism. These small squares have a small requirement for 
assimilates, calculated at less than 10 mg carbon per day in section 
s. 
An important aspect with regard to these small squares is 
that there is a period of 3-7 days when the square is competing with 
its subtending leaf for assimilates. This can be seen in sections 5 
and 6, where about 20 mg carbon was calculated to be imported by an 
expanding leaf and 2 mg carbon per day by a young square. Therefore 
in the case of whole plant or individual leaf shading, the expanding 
leaf is fixing less of its own carbon and will be drawing on carbon 
that the square can otherwise utilise. 
Shading young squares reduced their growth, confirming 
similar experiments by Kearney (1929) and Morris (1965). Again the 
inference is that assimilation by the fruit has contributed to its 
daily requirement. It was calculated in section 5 that squares 
could fix a significant proportion of their requirement but it seems 
that this can be replaced by import, since shading the fruit did not 
terminate its growth. It was also surprising that shading fruit 
could reduce the fruiting branch growth. Therefore the fruit shade 
treatment was also confounded by compensation and it may be that the 
fruit either contributes to or encourages branch growth indirectly. 
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The peduncle ringing treatment had its greatest effects on 
young squares also, but the effects were not consistent. The 
variability was due in part to the difficulty in obtaining a uniform 
treatment, 
experiments. 
as well as to variable light conditions between 
However the fruit growth was not halved by ringing 
half the phloem, indicating that the remaining half had an increased 
rate of transfer of assimilates. Similar results were obtained by 
Mason and Maskell (1928). Across the range of treatments, from the 
removal of three leaves, to the removal of one leaf, control and 
supplementary lighting, there has been a 5-f old increase in the 
growth of young squares. Among other things, these treatments can 
be interpreted as decreasing or increasing available assimilate at a 
position on the plant. In the short term therefore these treatments 
modified the concentration gradient of carbohydrate between the 
mainstem and the fruit. As long ago as 1928, Mason and Maskell 
demonstrated the importance of a concentration gradient in 
controlling the direction and extent of translocation. The 
importance of this can be seen in the effects of the treatments on 
young squares particularly when they were ringed: the ringed phloem 
was unable to maintain growth of the square without a normal supply 
from adjacent leaves. There was no significant effect of ringing 
half the peduncle on the growth of bolls, confirming similar results 
with sorghum (Munchow and Wilson 1976) and with wheat (Wardlaw and 
Moncur 1976). 
Canny (1960) has reviewed the rates of specific mass 
transfer (SMT-transfer of dry matter per unit phloem (ph) or sieve 
tube (st) area over time) and found values of SMTph for stems and 
peduncles averaged 1 mg cm - 2s -l. If it is assumed that 20% of 
-2 -1 phloem area is sieve tubes, the SMT becomes 5 mg cm s • 
st 
Evans et al. (1970) calculated similar values for the peduncles of 
wheat ears. However Passioura and 
-2 -1 for wheat roots of 50 mg cm s , 
to the capacity of phloem transport. 
The calculated SMT for 
experiments is shown in Table 9-5. 
Ashford (1974) measured SMT 
st 
adding an increased dimension 
cotton peduncles in these 
The peduncle cross-sectional 
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area and growth were from measurements presented in Fig. 9-5 and 
Table 9-4 respectively. Allowance for fruit respiration is made 
according to measured rates in section 5. The proportion of cross-
sectional area of peduncle that was phloem was estimated to be 0.5%, 
within the range reported by Evans et al. (1970). It was further 
assumed that 20% of this phloem was sieve tube. It can be seen that 
the SMTst for the peduncles of young squares were much lower than 
for bolls by a factor of 6. Furthermore, if ringing removed half of 
the phloem area, the SMT for the remaining half was lower than 
st 
that for bolls by a factor of 10. In other words, the calculated 
SMT for ringed peduncles of squares cannot double as found in bolls, 
especially when the concentration gradient was reduced. 
This apparently poor conducting capacity of the peduncle 
may be partly due to the reduced development of the branch at that 
stage. At 26 days before flowering the assimilates that reach the 
peduncle have had to pass through 5 cm of a branch at only 59% of 
its maximum cross-sectional area (Fig. 9-5). 
It is concluded from these results and calculations that 
the phloem connections between the locai source of assimilate for a 
young square (mainstem leaves) are inad~quate to maintain the normal 
Fruit 
age 
d 
-26 
-22 
-20 
1 
13 
Table 9-5. Calculated specific mass transfer (dry weight) 
through the cross sectional area of peduncles of 
squares and bolls. Peduncle assumed to be 0.5% 
phloem and phloem assumed to be 20% sieve tubes. 
Fruit age related to days from flowering. Control 
and ring refer to treatments in experiment 9-5. 
Peduncle Fruit Fruit Specific Mass Transfer 
area growth import Control Ring 
Peduncle Phloem · Sieve Sieve 
tube tube 
cm2 mga-1 mgd-1 mg cm-2s-l 
0.032 7.0 7.2 0.0026 0.522 2.61 4.75 
0.038 11.0 11.3 0.0035 0.690 3.45 2.76 
0.042 12.0 12.4 0.0034 0.682 3.41 4.43 
0.084 119.0 149.9 0.0207 4.132 20.66 47.93 
0.107 129.0 162.5 0.0176 3. 516 17.58 30.94 
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transfer of assimilates during conditions that will decrease the 
concentration gradient. Thus it is possible for these young squares 
to be shed, even if there are adequate assimilates for their growth 
within the plant, since it maybe that the transport of these 
assimilates is restricted, rather than their absolute supply. A 
similar conclusion was drawn by Sheldrake (1979), who proposed that 
the shedding of young pigeonpea pods could be explained in terms of 
a hydrodynamical model, where a 'head' of assimilates was necessary 
to maintain supply to a pod. He suggested that this head was 
important for a perennial plant such as pigeonpea which has to 
maintain reserves for the plants survival following podding. Cotton 
is a strongly perennial plant, and this proposal is consistent with 
the results from these experiments. Milthorpe and Moorby (1969) 
concluded that transport to young primordia was one of the few 
examples when the vascular system was a limitation to growth. The 
period of growth of young squares_ appears to be in the 'grey' area 
between when there is no vascular development and when vascular 
development is complete. This aspect may be involved in the results 
of Biddulph and Cory (1965), who found that translocation from old 
leaves resembled mass flow, while that from young leaves resembled 
metabolic transfer. 
The implications of these data for use in simulation models 
is that young squares can be shed (as occurs in practice), when 
there is still sufficient assimilates for their growth. It is this 
characteristic of cotton that makes adjustments to fruit numbers 
early in growth, so that during boll growth when there is a high 
assimilate requirement for each fruit, there is not excessive 
competition between bolls. 
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SECTION 10. A SIMULATION MODEL OF CROP GROWTH 
A. Summary 
The leaf photosynthesis, respiration, growth and carbon 
distribution data from previous sections were combined into a 
simulation model of canopy growth. This simulation was found to 
accurately mimic the magnitude and pattern of tops and root growth 
of glasshouse plants. Sensitivity analyses of this simulation 
indicated that: (i) halving daily light reduced canopy growth by 
21%, (ii) reducing available soil water by 75% reduced growth by 
50%, (iii) the temperature response was relatively flat, with an 
optimum of 29°c in the light for maximum growth, and (iv) the 
optimum leaf area index for growth was 3. These results of the 
simulation are compared with published measured responses of cotton 
canopies. 
The same simulation was found to overestimate the growth of 
field canopies. The possible reasons for this overestimation are 
discussed. The results of the same simulation approach in sunflower 
are presented. 
B. Introduction 
The carbon budgeting approach from previous sections is now 
used to construct simulation models of crop growth, responsive to 
light, water status, temperature and plant population. The majority 
of cotton models use the data on canopy co2 fixation measured by 
Baker et al. (1972) (McKinnon et al. 1974; Gutierrez et al. 1975; 
Wang et al. 1977; Jones et al. 1980). · In these models, the 
calculated carbon fixed is then distributed to leaves, stems, fruit 
and roots. Distribution between these parts is achieved by 
adjusting carbon ·requirements with available carbon: plant parts 
are initiated in response to temperature and nutrition, then grown 
at up to potential rates or shed, depending on carbon and nitrogen 
availability. Root weight is fixed in relation to leaf weight, a 
relationship that does not hold in reality for varying levels of 
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light - and water deficit (Iwaki 1958; 
Cutler and Rains 1977.) 
Brouwer and De Wit 1968; 
There was no preconceived opinion as to whether a 
simulation approach at the single organ level would be superior to 
the canopy or layer simulations already in existence. Rather, if 
this decision is to be made in a scientific fashion, then both types 
of simulations should be developed. The single organ level will 
obviously be more difficult and complex, but the lessons learned 
from this exercise may be of benefit in refining the canopy models. 
In the long term, canopy models may be the easiest to use at the 
commercial level. The simulation model presented here differs in 
that the basic unit is the leaf, and carbon export from each leaf 
can be distributed to sinks as found in section 7. The simulations 
developed here are used to integrate the findings of this thesis 
into one unit and to test the re~ponses of the plant based on these 
findings. Another aim was to define deficiencies in our knowledge 
of the plant and so guide further experimentation. The mode 1 was 
developed to simulate daily co 2 fixation of a given cotton or 
sunflower canopy at one point during growth. This simulation uses 
the given canopy age and total leaf area (LAI) to estimate the age 
and size of every leaf on a plant. ' The daily CO 2 fixation is 
calculated and then the crop growth rate ( CGR) is estimated after 
respiration and carbon distribution to roots. 
C. Cotton model 
1. Carbon 
Light saturated net photosynthesis (Fmax) and dark 
respiration (Rd) for the leaf were determined by leaf age (Fig. 
3-1) and water deficit (Fig. 7-6). Temperature effects on F 
max 
and Rd were measured on one occasion in experiment 7-2. The 
F response was relatively flat with a peak at about 30°C. 
max 
Angus and Wilson (1976) proposed a means of interpreting temperature 
responses of this type in terms of a simple quadratic equation, 
involving an extrapolated base temperature (Tbase), where F max 
was zero and an optimum temperature (Topt), where F max was a 
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peak. Although this analysis was a compromise because many 
responses are not 
or below a broad 
symmetrical (e.g. a rapid decline in 
temperature range), the approach was 
F above 
max 
useful to 
compare published data. Table 10-1 shows some published data on 
cotton. From the data of Downton and Slatyer (1972), it seems that 
temperatures for plant growth 
T varies little. 
opt With one 
will affect 
exception 
T base' 
(Downton 
but overall 
and Slatyer 
(1972)), Tbase was lower than the accepted Tbase for cotton 
growth and development of 12°c (Constable 1976). This model used 
the data from experiment 7-2 as representative of the general 
glasshouse cotton 
changed according 
response to temperature. Potential 
to the average daytime temperature, 
F 
max 
which 
was 
was 
estimated as the mid point of T and T for field data. 
max mean 
Respiration was treated in a similar manner to that of Rorie (1977), 
where a Q10 of 2. 2 was assumed • . This gave a good fit to Rd data 
from experiments 3-1 
' 
3-2 and 7-2. The use of a sine curve to 
approximate field light patterns has been discussed by Stamper and 
Allen (1979). Daylength was calculated from latitude by the method 
of Fleming (1972). 
' . 
Table 10-1. Calculated base ·temperature (Tbase) 
Source of data 
El-Sharkawy & 
(1964a) 
Ludwig et al. 
(1965) 
and optimum temperature (Topt) for cotton leaf net 
photosynthesis, using the methods outlined by Angus 
and Wilson (1976). Data published or measured in 
experiment 7-2. 
Hesketh 
Growing 
temp. 
max/min 
oc 
30/25 
Measuring 
range 
22-45 
15-40 
Tbase 
4.4 32.8 
8.9 26.7 
Downton & Slatyer 21/15 20-40 ( 20.0) 
(1972) 25/20 20-40 12.4 29.0 
30/25 20-40 16.2 31.9 
40/35 20-40 16.8 30.2 
Experiment 7-2 28/22 19-41 7.7 31.4 
Mean 11.1 30.3 
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Potential branch growth was as presented in section 5 
except that a logistic curve replaced the other empirical curve in 
that section. Potential branch growth was never greater than 75% of 
the export from the adjacent leaf. 1bis fraction was used since the 
labelling studies showed an expanding leaf still exported a 
significant amount of label. Branch respiration was taken as the 
sum of growth and maintenance respiration requirement (R ), 
m 
as 
discussed in section 5. Y was taken as O. 7 5 g g -l (review by g 
Hesketh 
0.0075 g 
et al. 
-1 -1 g d 
1980) and R was taken as 0.015, declining 
m 
(Baker and Hesketh 1969; Rorie 1977) at 
to 
the 
time of leaf shedding at that node. Vegetative branches have been 
ignored for simplicity. 1bus their leaf area and weight will be 
grouped with the mainstem. Hearn (1969a) and Jones et al. (1980) 
have presented data which would enable estimation of the number and 
position of vegetative branches. 
The leaf area above each node was calculated and used to 
determine light penetration to each node. A light extinction 
coefficient (Saeki 1963) of 1.0 was assumed, as this was indicated 
in these experiments and in others on cotton (Ludwig et al. 1965; 
Hearn 1972). 1be following equation was used: 
I/I = exp ( -1.0 L) 
0 
(10-1) 
where I/I
0 
is the fraction of the incident light (I
0
) which 
reaches a node with a LAI of Lon the nodes above it. This simple 
method has been shown to overestimate the light receipt within the 
canopy (Norman 1980), but no attempt was made to modify the 
approach. More precise and complex routines are available to 
calculate light penetration within the canopy ( Goudriaan and van 
Laar 1978b; Mutsaers 1980). 
2. Allocation 
The distribution of exported leaf carbon was that presented 
in section 7, being modified by angle type, direction, distance and 
water status. The distribution of leaf carbon export to roots and 
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nodes -with fruiting branches. The node of the first fruiting branch 
was set at 5 for glasshouse plants and 7 for field plants. 
3. Canopy structure 
Very few field growth or canopy gas exchange experiments 
present the profiles of leaf size and leaf age. In order to 
simulate carbon production within the plant these characteristics 
need to be known, so they were estimated as follows. The age of 
each mainstem leaf was set at equal intervals (called vertical leaf 
interval VLI) from plant emergence to the time of final node 
number. The interval between unfolding of new leaves along each 
fruiting branch was set as 2.5 times VLI (Hearn 1969a). The 
potential number of leaves along each fruiting branch was 
exponentially related to plant density (Hearn 1969a; Jones et al. 
1980) and time since unfolding of the mainstem leaf at the node. 
The relative size of leaves was determined by the profile 
presented in Fig. 6-1 and by the age of the leaf as in equation 
2-17. The actual size of each leaf was modified by a factor 
calculated from the ratio between the sum of the relative sizes and 
the measured LAI. Specific leaf weight (SLW) was set at the pattern 
described in equation 3-4, with a maximum value of 6.4 mg dry weight 
-2 
cm • An improvement would be to have SLW determined by 
conditions such as light, but this value chosen is typical of field 
values (Constable, unpublished data). Potential leaf expansion and 
growth were also as presented in Sections 2, 3 and 7 (equations 2-2 
and 3-4 and Fig. 7-5). Leaves were shed when they reached 75 days 
of age. The size of stem and branch segments was determined from 
the weight of leaves at each position, so that leaf/ stem weight 
ratios were 1 in the middle of the plant. On lower nodes, the 
mainstem segment was the same weight as in the middle of the plant, 
but stem growth on the upper nodes lagged behind leaf weight until 
the leaf became a net exporter. 
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4. Main program 
An array was generated which had the total carbon export 
for each node, i.e. the sum of the export from all the leaves on 
that node, once leaf and stem growth and respiration were 
subtracted. Subroutine ALLOC determined the pattern of potential 
utilisation of this export to roots and to individual fruiting nodes. 
The model inputs are days since emergence, number of 
mainstem nodes, plant population, crop LAI and available soil water 
as a proportion of field capacity. The calculated growth for 
comparison with the reported daily growth was the increase in leaf 
and stem weight, plus 1/1.26 the allocation to fruit, less the gross 
allocation to roots. The factor 1.26 is the approximate respiration 
of fruit from Section 5. No attempt was made to change the time 
scale in days. One day in the glasshouse temperature regime was 
very close to one physiological day used in other cotton models 
(Jones et al. 1980). 
5. Results 
This simulation was first run for the plants grown in 
experiment 7-2 where dry weight was measured on a regular basis 
(Fig. 7-7). The derived growth rates (assuming dry matter was 40% 
carbon) are shown in Figure 10-la with the simulated growth rates at 
two light levels. These light levels were 20 and 40 E m - 2d-l 
and they cover the range of light experienced by these plants. 
There was good agreement between the data and simulation in both the 
level of growth and the pattern over time. The absolute growth rate 
of 7.8 g C m- 2d-l (17 g DW m-2d-l) was as found in field 
growth analysis of cotton (Hearn 1969b, 1972; Constable and Gleeson 
1977). 
m-2d-l 
m-2d-l 
Likewise the 
is similar to 
measured by 
peak simulated CO2 fixation of 
the field canopy gas exchange of 
Parsons et al. (1979). Other 
51 g CO 2 
48 g CO 2 
published 
canopy gas exchange data for cotton on an hourly basis are also 
similar, with a range of 2.5 to 7.8 g co 2 m-
2h-l (Baker 1965; 
Ludwig et al. 1965; Baker and Myhre 1969; Baker et al. 1972; 
Harper et al. 1973; Pegelow et al. 1977). 
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The pattern of distribution of carbon to roots is shown in 
Figure 10-lb. 
respiration. 
This amount is the gross distribution before root 
Again there is good agreement between the level and 
pattern of carbon supply. Using an intermediate light level of 30 E 
m-2d-l, and assuming a root growth respiration rate of 0.25 g 
g-1 , this gross distribution approximates the measured growth as 
long 
over 
as it is assumed that root maintenance respiration declines 
time from 0.015 to 0.0075 g g-ld-l. This latter assumption 
is consistent with results in the literature as reviewed in Section 
5. The range of root respiration rates for cotton measured by 
Inamdar et al. (1925), Harris and van Bavel (1957) and Baker and 
Hesketh ( 1969), from O. 009 to O. 333 g g-ld-l are also consistent 
with these assumptions. The high respiration values or Lambers 
(1979), associated with 'wasteful' root respiration would give low 
root growth rates in this simulation. 
The profile of simulated carbon distribution for wet and 
dry plants on day 73 in experiment 7-2 are shown in Figure 10-2. 
The dry plants had a reduced total CO 2 fixation, due mostly to a 
low total leaf area, but there was still a greater absolute amount 
distributed to roots. Increased water · deficits reduced the absolute 
amount of carbon distribution to roots of the dry treatment through 
severe reduction in photosynthesis (Fig. 7-6). Thus the simulation 
is not at variance with equal dry weights in wet and dry treatments, 
despite large differences in tops dry weight. As demonstrated in 
Fig. 7-16, the pattern of simulated distribution between fruiting 
branches was modified by water deficit, such that carbon supply to 
bolls in the middle of the plant were the most reduced by stress. 
In the absence of stress, these middle bolls were the best supplied 
with carbon, an effect that has been measured in the field 
(Constable and Gleeson 1977). The simulated amount of carbon at 
lower nodes was sufficient for the peak requirements of one boll as 
calculated in Section 5. 
There was one noteable result of this simulated 
distribution in Fig. 10-2. The amount of carbon distributed to mid 
and upper fruiting nodes was in excess of requirements for one fruit 
at these nodes. It is true that ultimately some of these nodes did 
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Figure 10-1. Observed (solid lines) and simulated (closed 
circles) growth of (a) tops and (b) roots of cotton 
plants in experiment 7-2, assuming dry matter was 40% 
carbon. Observed growth rates were derived from Fig. 
7-1 (WET treatment). Simulated growth is shown for 
20 E m-2d-l (lower point) and 40 E m-2d-l 
(upper point), covering the range of daily irradiance 
experienced by these plants. 
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Figure 10-2. Simulated pattern of carbon supply to mainstem 
fruiting nodes and to roots (R) for well watered 
cotton plants (WET) and for plants with 50% of 
available soil water (DRY). 
have two or more bolls, but on day 73 their requirements were 
small. If this was a real effect, it may represent the high 
concentration gradient of carbon required for square growth as 
proposed in Section 9. In relative t~rms, the amount · of carbon 
available at these nodes was 20 times the requirements of one young 
square at that node. Even if this was a real effect, the carbon had 
to be utilised as storage or growth, perhaps to lower nodes where 
there were two bolls. There is some support for this proposed 
delayed redistribution with the measurements in Table 7-Sb, where 
between 1 and 83 days after a labelling there was a 
redistribution that was detected in greatest concentrations in lower 
bolls. 
An alternative reason for the apparent surplus carbon at 
upper nodes is that the distribution between bolls was not correct. 
The 14c measured 24 h after feeding was a net amount after 
respiration. The gross amount to each sink is greater. The 
important issue is whether conversion efficiency and maintenance 
respiration differ with sink type (i.e. between roots and fruit). 
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A sensitivity analysis of this simulation was done by 
testing the response of 61 day old glasshouse plants to light, soil 
water level, temperature and crop LAI (Fig. 10-3). The response to 
light indicated the canopy did not approach saturation (Fig. 10-3a), 
since higher levels of light increased photosynthesis of lower 
leaves. The shape of this curve for a canopy is similar to the 
single leaf carbon budget (Fig. 3-10), except that this curve is 
displaced to the right due to growth and respiration of stems. The 
about 1 . ht t' . t f th' 9.5 E m-2d-l, 1g compensa ion poin or is canopy was 
twice that for a single leaf. This simulation gave a 21% reduction 
in CGR for halving light from 50 to 25 E m - 2d-l. Measured light 
response of cotton by growth analysis has shown a 29% reduction in 
CGR for halving light from 650 to 325 cal cm - 2d-l ( Constable and 
Hearn 1982). Measured light response of cotton by canopy gas 
exchange has shown a reduction ranging from 29 to 53% for halving of 
the light units used (Baker 1965; Ludwig et al. 1965; Baker and 
Myhre 1969; Baker et al. 1972; Harper et al. 1973; Parsons et al. 
1979). This reduction in photosynthesis will depend on the range of 
light studied, as the response is steeper at lower light levels. In 
the simulation, reduction of daily light from 30 to 15 E m -zd-l 
reduced CGR by 52%. Thus the simulation gave a realistic response 
to light. 
The simulated 
curvilinear (Fig. 10-3b). 
available soil water. 
response to soil water was slightly 
CGR was halved for a 75% reduction in 
The response of leaf photosynthesis was 
strongly curvilinear, with no real decrease until 70% reduction in 
soil water. This difference in response between leaf and canopy is 
due to respiration and also to increasing distribution of carbon to 
roots with decreasing soil water. Parsons e~ al. (1979) measured a 
53% reduction in canopy photosynthesis for plants decreasing from 
-1. 2 MPa to -2. 5 MPa leaf water potential. This paper did not 
report soil water levels, so it is difficult to compare with the 
simulation. However, the level and pattern of response were similar. 
Temperature had a small effect on simulated growth (Fig. 
10-3c). The shape of the response was similar to that for an 
individual leaf, except for a slight skew at high temperatures due 
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Figure 10-3. Sensitivity analysis of the simulated 
response of cotton canopies to light, soil water, 
temperature and leaf area index (LAI). 
to increasing dark respiration. Ludwig et al. (1965) showed a 
decline in canopy photosynthesis with temperature between 20 and 
40°c. Leaves from this study had a T of 2s0 c, with a sharp 
opt _ 
decrease as temperature was increased. 'Illerefore their canopy 
response was not at variance with their single leaf data, as is the 
case with this simulation. 
A simulated response to LAI is somewhat artificial, but it 
does show a remarkable decrease above an LAI of 3 (Fig. 10-3d) due 
to respiration of heavily shaded lower leaves. 'Illis decrease in CGR 
at high LAI does not occur for real canopies over an extended 
--
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period, but it does confirm that CGR does not increase above LAI of 
3 in growth analysis studies (Hearn 1969b, 1972a; Constable and 
Gleeson 1977), or in canopy gas exchange experiments (Ludwig et al. 
1965). 
studies. 
The simulation was run for some reported growth analysis 
The results of these simulations are compared in Table 
10-2 with the glasshouse simulation. Temperature was set at 
31/19°C day/night, as this was typical of the long term averages 
at these sites. Furthermore, the simulation shows a flat response 
to temperature. 
The simulated growth averages twice as much as was 
measured. The discrepancy was due more to the low CGR in the field 
sites rather than a high CO2 fixation in the simulation: the 
rates of CO 2 fixation are not ou~side the range of values reported 
in the literature. Pegelow et al. (1977) for instance measured 
-2 -1 
canopy gas exchange of 7. 8 g CO m h , which would give similar 
values to the maximum simulation in 8 h. 
Table 10-2. Comparison of measured and simulated cotton 
Location 
Glasshouse 
Field 
crop growth rates (CGR) at 80 to 100 days from sowing. 
Dry matter assumed to be 40% carbon. Glasshouse data at 
30 E m-2d-1, field data at 50 E m-2d-l integrated 
daily irradiance. Leaf area index abbreviated as LAI. Key 
to snurce of field data: 1 - Hearn ( 1969b), 2 to 5 -
C.Onstable and Gleeson (1977). 
MEASURED SIMULATED 
Populat- LAI CGR CGR CO2 
ion fixation 
-2 -2 -1 -2 -1 -2 -1 
m gCm d gCm d gC02m d 
-Exp 7-2 5 2.5 7.7 7.7 39 
1 4 2.1 7.8 10.9 57 
2 15 2.7 4.4 12.0 64 
3 15 2.9 4.2 12.7 66 
4 15 4.9 5.7 7.3 38 
5 36 4.3 4.6 11.6 60 
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D. Sunflower model 
A canopy simulation was done for sunflower using the same 
procedures, by changing photosynthesis and leaf profile data to 
those measured in section 4. The simulated canopy light response is 
shown in Figure 10-4. The canopy structure, plant population and 
LAI are from sunflower canopies reported by Rawson et al. (1980). 
The points of note from this simulation are: 
a. The canopy CGR for sunflower was greater than for 
cotton (Fig. 10-3). This difference was expected due to the higher 
rate of net photosynthesis in sunflower. 
b. There appeared to be a high light compensation point 
for the sunflower canopy. Rorie and Udagawa (1971) arrived at a 
similar conclusion after a simulati_on of sunflower canopy growth. A 
lower light extinction coefficient was tried, allowing greater light 
penetration to lower leaves. This gave a similar light compensation 
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Figure 10-4. Simulated response of a sunflower canopy to 
light for two light extinction coefficients (K). 
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point - to that for cotton, and also a much higher CGR. It is 
possible that the extinction coefficient varies with height in the 
canopy as found by Acock et al. (1978) with tomato. Such a change 
in extinction coefficient would change the shape of the canopy 
response to light. 
E. Discussion 
The simulation was able to accurately mimic cot ton growth 
in the glasshouse where the photosynthesis and carbon distribution 
data was measured. The same simulation was not accurate for field 
plants. The most likely sources of disagreement are: 
a. F~ctors contributing to reduced growth in the field 
which are not contained in the simulation. These factors include 
mineral nutrition, leaf damage, _temperature fluctuations reducing 
photosynthesis, and soil factors including waterlogging ( Constable 
and Hearn 1981). 
b. Overestimation of photosynthesis. Baker (1965) 
measured a 20% reduction in cotton canopy photosynthesis between 
1000h and 1400h that could not be explained by light, temperature or 
vapour pressure deficit. This type of depression has of ten been 
postulated as being due to feedback from an excess of unconsumed 
assimilates in the leaves at this time of day. This topic has been 
the subject of reviews by Neales and Incoll (1968) and Guinn and 
Mauney (1980). The latter reviewers concluded that starch was one 
possible candidate in reducing light saturated net photosynthesis 
Mauney et al. (1979) had demonstrated a significant 
negative correlation between leaf starch and F in cotton that 
max 
was not present in sunflower, soybean or sorghum. The magnitude of 
this depression was such that F was halved for an increase in 
max 
leaf starch concentration from zero to 450 mg g-1 • Therefore with 
this relationship, a 20% reduction in Fmax would occur with a 170 
mg g-l increase in leaf starch content. 
This afternoon decline in F was noticed in experiments 
max 
3-2, 3-3 and 7-2. However in all cases, the F reported is the 
max 
-
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average- of all determinations taken, so this decline is included in 
the average. The magnitude of the decline was measured as 10.5% for 
well watered plants in experiment 7-2 (average of three plants). 
The decline appeared to be greater for plants under water deficit. 
This effect can be seen in the soybean data of Rawson et al. (1978). 
Turner et al. (unpublished data) have found that the 
magnitude of Fmax in the field for cotton is at least as high as 
found in the glasshouse. Further, they also show a large diurnal 
fluctuation in F • 
max This simulation uses an average daytime 
temperature between the daily maximum and the daily average. In the 
field, leaves in the morning in particular will be at light 
saturation, yet the temperature will be below optimum. This effect 
will contribute to overestimation of daily carbon gain of field 
plants. 
c. Underestimation of respiration and the distribution 
of carbon to roots. The shoot/root ratio in experiment 7-2 was 15.4 
at maturity, a · value that may be realistic for these containers but 
other workers have found much lower ratios: Eaton (19 31) found 
shoot/root ratios ranging from 2 to 7 with the lower values in water 
; 
stress treatments. Huxley (1964) obtained values from 4 to 6 with 
the lower values being obtained at high light regimes. Cutler and 
Rains (1977) measured these ratios ranging from 1 to 2, the lower 
values for plants which underwent more water deficit. 'Thus it is 
possible that field plants have a different shoot/root ratio than 
found in experiment 7-2. 
d. Too much light interception. Norman (1980) showed 
that the light interception method used here can overestimate 
photosynthesis of lower leaves. 
e. Ageing of lower leaves has been shown to be more 
rapid in field canopies, especially at high plant density. This 
factor was checked by doubling the rate of photosynthesis decline 
for leaves as they became shaded, but this change made only a small 
difference since the carbon fixation by these leaves was small 
compared to leaves exposed to full light. 
-
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f. Within a plant canopy, CO 2 levels are reduced 
(Harper et al. 1973), and this will reduce the potential photo-
synthesis by lower leaves. Again this effect should be small. 
The exercise in constructing a simulation model was useful 
to highlight deficiencies in knowledge of cotton plants at the level 
of individual organs. 
follows. 
The major topics requiring more data are as 
a. Leaf expansion. It would be desirable to be able to 
Predict the final size of individual leaves (A ) max· Thus the 
potential Amax and the daily growth of each leaf in response to 
factors such as shading, plant density, temperature, mineral 
nutrition, etc., needs to be measured. It may be that the potential 
A of a leaf can be predicted by the assimilate supply to that max 
leaf around the time of leaf initiation. 
Similarly the pattern of development of specific leaf 
weight for individual leaves needs to be determined. 
b. Leaf production. It is common in cotton models to 
' 
have new leaf production determined by temperature and water 
status. It is felt that the primary response is to assimilate 
supply at the growing point, and this supply is affected by both 
internal and external conditions. The carbon budget has shown that 
local carbon supply is not a factor in determining the production of 
new leaves at a growing point, since there is sufficient carbon 
produced by a young leaf to support the carbon requirements of 
another new leaf. Thus other internal factors such as mineral 
nutrition and the direction of assimilates away from a region by 
strong sinks are also important. 
c. Root growth and respiration. There is at least one 
order of magnitude range in the values of root growth and 
respiration available in the literature. This is a vital issue in 
being able to predict field growth from photosynthesis data. 
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- d. Allocation, redistribution and respiration of carbon 
reserves. A simulation with inaccurate data on reserves can lead to 
misleading results. If spare carbon is allocated to roots and stems 
early in growth, the resulting large mass of these plant parts 
becomes a respiratory drain of carbon during fruiting. 
e. Nitrogen distribution and redistribution. Similar 
experiments with nitrogen distribution are needed, as have been done 
with labelled carbon. 
Once these questions have been resolved it is believed that 
a field simulation at this level will be successful. It is not 
until this point is reached that it can be determined if simulation 
at the single organ level offers any advantages over the canopy 
models that already exist. A simulation of growth from emergence to 
maturity will be a useful tool to (i) examine the assimilate supply 
to young organs such as leaves and squares particularly to 
establish the assimilate supply necessary to ensure young square 
survival, (ii) test the value of plant characters such as leaf size, 
leaf shape, development patterns etc., and (iii) test field 
management options such as irrigation and, pest management. 
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SECTION 11. GENERAL DISCUSSION AND CONCLUSIONS 
1. Leaf ageing 
The decline in leaf photosynthesis with age in cotton and 
sunflower was clearly demonstrated. This decline was a measure of 
approaching senescence of each leaf. The patterns showed that there 
was a smooth transition of the leaf from the juvenile to the 
senesced stage. The most surprising result .was that the rate of 
ageing was similar for all leaf positions on the plants, despite 
differences in mutual shading and in proximity (time and space) to 
reproductive sinks. In some respects, the greater mutual shading of 
lower leaves may balance the effects of a local fruit on senescence, 
and this balancing effect may explain why all leaf positions aged at 
similar rates. 
A strong implication of this consistent rate of ageing is 
r 
that reproductive development is occuring during a time of declining 
I\ 
carbon fixation. This was true of both cotton and sunflower, 
despite the differences in growth habit. This leads one to conclude 
that the leaves are playing an additional role to carbon fixation -
that of providing nutrients for fruit by remobilisation. This extra 
role has been recognised for cotton by Hearn (1981) and it is well 
documented in fruit trees as well (review by Taylor 1967). It was 
this characteristic of soybeans that led Sinclair and de Wit (1976) 
to coin the term 'self destruct' for a canopy, since the removal of 
nutrients from leaves to fruit decreases the capacity of those 
leaves to fix carbon. 
Concomitant with this extra role of - leaves is the decline 
in nitrogen uptake by roots - a characteristic proposed in cotton 
nearly 50 years ago (Crowther 1934). Trouse (1970) has shown 
cessation of root growth at the time of boll filling. The 14c 
distribution patterns and associated calculations in section 7 
showed that this can be due to a declining carbon supply from lower 
leaves. The resumption of root growth when boll filling ceases, can 
be accommodated by this analysis, since there would be no carbon 
consumption by bolls. The reduced nitrogen uptake at the t i me of 
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boll filling can also be accommodated on the basis of carbon supply, 
given the data of Raper et al. (1978), who showed that nitrogen 
uptake was correlated with root growth, which itself is proportional 
to root carbon supply. 
In a recent review, Nooden (1980) proposed that there were 
at least four theories to explain leaf senescence: (i) limited 
longevity of leaf tissue, (ii) nutrient withdrawal by fruit, (iii) 
diversion of assimilates to fruit, inducing senescence by root 
starvation, and (iv) production of senescence - enhancing hormones 
by fruit. Nooden (1980) favoured (iv) by default after rejecting 
the first three, but also by showing supporting evidence for (iv). 
This and other reviews (Thimann 1980; Thomas and Stoddart 1980), 
place emphasis on a bscisic acid as a senescence promoter, and on 
cytokinins as senescence retarders. On this basis, the leaves 
should all start to senesce after flowering. This was not the case 
in cotton and sunflower, indicating that some of the other theories 
may also play a part in senescence. 
2. Distribution of carbon 
It was found that the pattern 'and extent of distribution of 
a 
14c label was predictable. In a morphological sense, the 
vascular connections played a strong role in determining the pattern 
of distribution. The extent of 14c movement was strongly affected 
by water status and direction of movement, and slightly affected by 
nitrogen status. It was concluded that (i) the majority of leaf 
carbon export was consumed locally, and (ii) for longer distance 
transport, the empirical constants from the regression of fruit 
14c content and distance from the source leaf, can be used in 
simulation studies at the single leaf level, to piedict the carbon 
supply to sinks. Unfortunately, it seems that more information on 
distribution in field plants is required, particularly for root mass 
and growth. Similarly, even more work is required at the same level 
to predict nitrogen distribution and redistribution. 
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3. - Cotton fruiting strategy 
Lloyd (1980) has outlined a hypothesis of serial adjustment 
of the number of potential fruit on plants. This hypothesis 
separates a reproductive cycle into stages where the number of 
flowers, then the number of ovaries are determined before the 
maturation of fruit. At each stage the initiation and growth of the 
fruit part requires an amount of available resource above a certain 
threshold. This hypothesis can be directly applied to cotton. It 
was concluded in section 9 that the threshold for young squares was 
many times greater than the absolute daily requirement for that 
square. For older squares and for bolls, the threshold appeared to 
be relatively lower. As Lloyd (1980) pointed out, hormones can co-
ordinate the plant fruiting strategy since they can act over long 
distances and they can operate before there is direct competition 
between sinks. 
One of the earliest hypotheses of fruit abscission in 
cotton was that of Mason (1922) who attributed shedding of young 
bolls to nutritional causes, specifically the availability of 
carbohydrate and nitrogen. The types of observations which led to 
i 
this hypothesis were (i), removal of leaves led to young bolls 
shedding and (ii), removal of bolls led to further vegetative growth 
resulting in production and retention of new bolls. This hypothesis 
fitted most circumstances of cotton performance and response. In 
fact despite objections on the ground of mechanism, this hypothesis 
is still accurate in understanding and predicting fruiting patterns 
at the field cano-py level (Hearn 1976). 
Eaton and coworkers (Eaton 1950; Eaton and Ergle 1953; 
Eaton 1955) from nitrogen, shade and defoliation experiments, 
concluded that other factors were involved in shedding, since the 
pattern of carbohydrate and nitrogen in plant stems did not parallel 
that of shedding. Eaton (1950) suggested that enzymes and hormones 
may also play a role in determining survival and competitive success 
for limited assimilates. Beginning from this time the interpretat-
ion of the mechanisms of shedding in cotton has combined 
environmental, nutritional and hormonal interactions. Addicott 
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(1970) - reviewed the topic to that time, concluding that nutrient 
levels determine the total numbers of fruit a plant can carry, while 
hormonal influences determine which fruit will be shed under the 
pressure of competition. 
Despite their undoubted role in shedding of fruit, hormones 
as a group are correlated with each other and with assimilate supply 
via their role as mobilisers and by the concomitant fact that they 
are a by product of growth. This correlation is the reason why 
hormones need not be included in determining shedding patterns in 
plant and canopy data analysis and simulation models. Sheldrake 
(1979) arrived at a similar conclusion with pigeonpea. Hearn (1972) 
demonstrated that shedding occurred when the demand for carbohydrate 
by bolls exceeded the total growth rate. Wilson et al. (1972) found 
that the survival of new flowers could be expressed as a function of 
the number of bolls already in t_he canopy. The relationship from 
this latter study has been used in field canopy simulation models 
for crop and pest management (Hearn and Room 1979; Wallach 1980; 
Hearn unpublished model). The more complex cotton models also 
regard fruit survival as a function of carbon and nitrogen supply as 
determined by water status, 
cotton models from McKinion 
light, nitrogen uptake etc (various 
et al. 1974 to Jones et al. 1980). 
Therefore, the hormonal system can be regarded as the means whereby 
decisions based on nutritional status are communicated and 
executed. Shedding is the result of a deficiency in assimilate 
supply, with the direct~on of assimilates away from the organ and 
the process of abscission being under the control of hormones. Old 
bolls cannot be . shed because the abscission layer develops secondary 
thickening. 
4. Review of aims 
The aim of this project was to measure carbon fixation and 
its distribution around the plant under varying conditions. The 
ability of these types of measurements to predict and help 
understand whole plant growth and fruiting strategies were also 
examined. The degree to which the aim was achieved can be judged by 
the success of the simulation model in mimicking glasshouse growth. 
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The fact that this same simulation failed with field plants implies 
that the field responses may differ from those obtained in the 
glasshouse. The ref ore more work needs to be done on the primary 
components of growth and assimilate distribution: 
of field responses (particularly to light, 
our understanding 
crop density and 
irrigation) are apparently still conceptual. For instance, there 
seemed to be a strong effect of light (cloudy weather, mutual 
shading) on the relative growth of roots and upper and lower fruit. 
However, by taking experimentation and simulation forward hand in 
hand our ability to predict responses should improve. Leaf 
expansion and integrated daily leaf photosynthesis were identified 
as areas requiring further research at the field level. 
Although the research of one or a few individuals cannot be 
expected to answer all questions relating to crop growth, I hope 
that this work has helped to assemble a little more of the jigsaw of 
plant growth. At least it may stimulate thought and further work 
that will advance our understanding. 
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APPENDIX 1 
INTEGRATION OF DAILY PHOTOSYNTHESIS 
Equation 2-15 was used to describe the response of net 
photosynthesis (F) to light (I): 
F =-Rd+ (Rd+ F ) max (1 - exp(-(:! F )) d max 
Horie and Udagawa (1971) and Stamper and Allen (1979) have used a 
sine curve to describe the pattern of light throughout a clear day. 
The latter authors have discussed the implications of intermittent 
cloud. The sine curve has two constants, the peak I (I ) at max 
solar noon, and the daylength (sun-up at t 1 , sundown at t 2): 
I = I 
max 
sin 
The total light for the day is: 
rI = I 
max 
2(t2 - tl) 
1\ 
So I could be estimated from daily light data. 
max 
Putting z = 
o< I 
max (Rd+ F )' D = t 2 - t 1 and e 
max 
F =-Rd+ (Rd+ F ) (1 - exp (- z sine)) 
max 
To determine the total COz fixation during the day: 
TI (t-t1) 
= -----(t2 - tl) 
/ 
t 
2 
F ( t ) d t = D F - ( Rd + F ) exp (-z sin e) dt 
tl 
max max 
= DF 
max 
= DF 
max 
_ (Rd + F ) D 
max 
_(Rd+ F ) D 
max 
r:. 
[ exp 
0 
(-z sine) d e 
0 
l exp (-z sin e) d e 
. 
r 
[ 
0 
exp ( z sin 8 ) d 8 
-7{ 
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= TII (z)+2 ; (-l)k12k+l (z){-cos(O)+cos(2k+1)~+2 ; (-l)k1 2k (z)fsin(O)+sin(2ki 
0 k=O 2k+l ] k=l 2k l J 
= Tr I 
0 
= 7'\I 
0 
(z) + ~ ; (-l)k 
7T k=O 2k+l 
00 
(z) -4 E 
k=O 
(-1) k 
2k+l 
1 2k+l (z) f -2] 
(z) 
This expression can be solved using Bessel functions (Sookne 1973) 
and has a range of values from 3.1416 (TI) when z=O to 0.3454 when 
z=6.0. A typical value of z for a recently fully expanded cotton 
leaf is 4.35. the following empirical expression relates the 
solution of the Bessel functions (zf) to z: 
2. 449 · 
=-----
z - 0.0045 - 0.677 
so a typical value of Zf is 0.5. 
F(t) dt = D(F -
max 
+ F ) 
max 
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APPENDIX II. EXPRESSIONS USED IN COTTON CARBON BUDGETS 
AND SIMULATION MODELS AND THEIR SOURCE 
Effect of leaf age on light saturated net photosynthesis 
Fmax=-8.22+(15.7*age*exp(-0.0S*age)) Figure 3-1 
Effect of leaf age on dark respiration 
age<S Rd=0.735+(0.162*age) 
age>4 Rd=(4.075/(0.015+sgrt(age)))-0.22 Figure 3-3b 
Effect of leaf age on initial slope of light response 
alpha=-0.063+(0.384(1.0-exp(-0.97*age))) Figure 3-7 
Temperature scalar (St) for Fmax 
St=2Tf-Tf**2 
where Tf=(T-7.7)/(31.4-7.7) 
Angus and Wilson (1976) 
Table 10-1 
Factor to adjust respiration for temperature 
Rfac=2.2**((T-25.)/10.) Horie (1977) 
Profile of maximum leaf size on cotton mainstem 
Amax=-72.~+(86.3*node*exp(-0.13l*node)) Figure 6 -1 
Stem growth in relation to stem potential weight 
G=0.22*W*(Wmax-W)/Wmax Figure 7-1 
Factor to adjust Fmax for available soil water 
FAC=(l.0-exp(-2.38*(water**0.53)))/0.91 Figure 7-6 
Factor to adjust leaf expansion for available soil water 
FAC={l.0-exp(-3.09*(water**l.38)))/0.95 Figure 7-5 
Effect of available water on the regression 
coefficient for distance in number of nodes 
from the labelled leaf to each fruit 
Down b=0.205-0.406*water 
Up b=-0.603-0.303*water 
Table 7-7 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
r 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
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APPENDIX III. FORTRAN PROGRAM TO DETERMINE THE CARBON 
DISTRIBUTION FROM EACH LEAF TO ROOTS AND EACH FRUIT. 
PROGRAM ALLOC 
DISTRIBUTION OF CARBON TO INDIVIDUAL FRUIT 
ALPHABETICAL LISTING OF VARIABLE NAMES 
AGE LEAF AGE IN DAYS FROM UNFOLDING 
AL LEAF AREA IN CM**2 
ANG ANGLE TYPE BETWEEN A LEAF AND FRUIT 
0 FOR THE SAME SIDE OF THE MAINSTEM 
0.5 FOR 90 DEGREES 
1.0 FOR THE OPPOSITE SIDE OF THE MAINSTEM 
AT PROPORTION OF LEAF EXPORT TO ADJACENT FRUIT 
BALANC FACTOR TO CORRECT CTO(J,NX) SO THAT 
TOTAL SUPPLY BALANCES TOTAL PRODUCTION 
CTO(J,NX) CARBON SUPPLY FROM LEAF J TO FRUIT NX 
DIS PROPORTION OF LEAF EXPORT TO EACH FRUIT 
SEE EQUATION 7-1 
DIST DISTANCE IN NODES FROM LEAF TO FRUIT 
GTOT TOTAL CARBON FIXATION BY THE WHOLE PLANT 
IANG INTEGER EQUAL TO DIST TO DENOTE ANGLE TYPE 
FROM A DATA STATEMENT 
J,JJ,K,N,NN,NX INTEGERS USED IN DO LOOPS 
NFB NODE OF FIRST FRUITING BRANCH 
NLB 
NODES 
PMAX(N) 
PTOT(N) 
SANG 
SDIS 
SLOPED 
SLOPEU 
5 IN GLASSHOUSE, 7 IN FIELD 
NODE OF LAST FRUITING BRANCH 
TOTAL MAINSTEM NODES PER PLANT 
CARBON EXPORT BY NODE N PER CM**2 
CARBON EXPORT BY NODE N (PMAX(N)*AL(N)) 
REGRESSION COEFFICIENT FOR ANGLE TYPE 
REGRESSION COEFFICIENT FOR DISTANCE 
SDIS IN THE DOWN DIRECTION 
SDIS IN THE UP DIRECTION 
SUM TOTAL CTO TO BALANCE SUPPLY WITH PRODUCTION 
TOTMOR(J) TOTAL CTO FOR NODE J 
TYPE ANGLE TYPE AS IN ANG 
UJ,UNX 
WATER 
WATFAC 
REAL VALUES OF J AND NX 
AVAILABLE SOIL WATER (range Oto 1.0) 
FACTOR TO REDUCE PMAX AS AFFECTED BY WATER 
DIMENSION TOTMOR(l6) ,PMAX(l5) ,PTOT(l6) 
DIMENSION AGE (15) ,CTO(l6, ln) ,TYPE (24) ,AL(l5) 
DATA AGE/ 4 8. , 4 3. , 3 9. , 3 5. , 3 2. , 2 9. , 2 6. , 
1 23. ,20. ,17. ,14. ,11. ,8. ,5. ,2./ 
DATA AL/20., 35., 50., 100., 130., 160., 180., 
1 190. ,200. ,170. ,120. ,90. ,50. ,20. ,7./ 
DATA PMAX/. 5, . 6, • 7, . 8, • 8, • 9, • 9, 
1 1. 0, 1. 0, 1. 0, • 8, • 6, • 5, . 3, • 1/ 
DATA TYPE/l.0,0.5,0.0,l.0,0.0,0.5,l.O,O.O,l.0,0.5, 
1 o.o,1.0,o.o,o.s,1.o,o.o,1.o,o.5,o.o,1.o,o.o,o.s, 
l 1.0,0.0/ 
WRITE(5,27) 
27 FORMAT(' WATER ?') 
READ(5,28)WATER 
28 FORMAT(F5.l) 
NFB=5 
N LB=l 5 
WATFAC=(l.0-EXP(-2.38*(WATER**0.53)))/0.907 
SLOPED=0.205-(0.406*WATER) 
SLOPEU=-0.603+(0.303*WATER) 
I· 
NODES=l5 
GTOT=O.O 
17'+ 
DO 10 N=l,NODES 
PMAX(N)=PMAX(N)*WATFAC 
PTOT(N)=AL(N)*PMAX(N) 
10 GTOT=GTOT+PTOT(N) 
WRITE(2,79)WATER, (PTOT(N) ,N=l,NODES) ,GTOT 
79 FORMAT(///,' WATER' ,FS.l,' PTOT(N) , GTOT' ,/,12X, 
1 J.5F7.l,F8.l,/) 
DO 300 NN=0,15 
DO 88 JJ=0,15 
88 CTO(NN,JJ)=O.O 
300 TOTMOR(NN)=O.O 
DO 301 J=l,NODES 
SUM=O.O 
IF(AGE(J) .LT.31.0)AT=-5.0+(0.808*AGE(J)) 
IF(AGE (J) .GE. 31.) 
1 AT=75.7/(l.+{1897.*EXP{-0.226*AGE(J)))) 
IF(AT.LT.O.l)AT=O.l 
AT=ALOG (AT) 
DO 401 NX=O,NODES 
IF{PTOT(J) .LE.O.O)GO TO 401 
UJ=J 
UNX=NX 
DIST=ABS(UJ-UNX) 
IF(NX.EQ.O)GO TO 49 
IANG=DIST 
IF{IANG.EQ.O)GO TO 49 
ANG=TYPE(IANG) 
49 IF{NX.EQ.O )ANG=O.O 
IF(DIST.EQ.O.O)ANG=O.O 
IF(NX.LE.J)SANG=-1.4 
IF(NX.GT.J)SANG=-0.8 
IF(NX.LE.J)SDIS=SLOPED 
IF(NX.GT.J)SDIS=SLOPEU 
IF(NX.GT.O.AND.NX.LT.NFB)GO TO 401 
IF(NX.GT.NLB)GO TO 401 
DIS=(EXP(AT+(SDIS*DIST)+(SANG*ANG)))/100.0 
CTO(J,NX)=DIS*PTOT(J) · 
SUM=SUM+CTO(J,NX) 
4 01 CONTINUE 
IF(SUM.NE.O.O)GO TO 38 
BALANC=O.O 
GO TO 39 
38 BALANC=PTOT(J)/SUM 
39 DO 701 K=O,NODES 
CTO(J,K)=CTO(J,K)*BALANC 
701 CONTINUE 
WRITE (2, 222)J, (CTO(J ,NX) ,NX=O, 15) 
301 CONTINUE 
222 FORMAT(I5,16F7.l) 
DO 501 J=O,NODES 
DO ~01 N=O,NODES 
601 TOTMOR(J)=TOTMOR(J)+CTO{N,J) 
501 CONTINUE 
WRITE(2,655) (TOTMOR(N) ,N=0,15) 
655 FORMAT(/,5X,16F7.l) 
STOP 
END 
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